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PREFACE 


The first optical submarine cable system went into service in 1986 in Japan. In the 1988-1989 
time frame, the first transoceanic optical submarine cable systems, namely the TAT-8 linking 
England, France and the US mainland, and TPC-3 linking Japan and the US via Hawaii, went into 
service. They opened the door to an era of high speed international submarine cable systems. 
Although it has taken only about ten years since then, the per fiber transmission capacity of 
commercial transoceanic optical submarine cable systems have been increased about 1000-fold to 
meet the insatiable demands for high-capacity international communication links: from 280Mbit/s 
to 160~400Gbit/s. The reason for this drastic traffic expansion is mainly the internet market growth 
which has shifted traffic contents from voice to data. This momentum is forecasted to accelerate 
further by the movement of FTTH (Fiber To The Home) in the world. For that reason, the 
development of terabit systems is already underway to match such huge demand. Key factors of 
technology innovation for the terabit system are the maximization of DWDM (Dense Wavelength 
Division Multiplexing) technology and a speed-up in the technology of devices. In addition, 
optimum chromatic dispersion management technology of fibers is under development for long- 
haul submarine cable systems. Therefore, the system which has more than terabit/s per fiber pair is 
expected to be realized in the 2002-2003 time frame as transoceanic project. 

Meanwhile, business circumstances in the submarine cable field have also changed drastically. 
In early times, cable projects mainly proceeded by means of telecommunication carriers' 
consortiums who intended to construct and use cables. However recently, there are many cases 
where some private company plans to construct a cable only for sales of its capacities, or other cases 
that some limited telecommunication carriers establish a plan to work on cable projects together 
with banking of financial corporations as a semi-private project. Moreover, in these private cable 
projects, city to city communication becomes a key term for sales, this means cable systems are one 
of the major parts of the project as well as back haul lines and data centers. Since these technology 
innovations and the changing trends of business have occurred so quickly since the construction of 
the first optical submarine cable systems, it is now very difficult to obtain complete knowledge of 
technology and business transitions and trends, state-of-the-art technology itself and optical 
submarine cable network systems in the world. 

This book is designed for all engineers and managers in the optical submarine cable business 
throughout the world to aid understanding of all the aspects of the latest optical submarine cable 
systems and the directions of future systems. The contents of the book are grouped into three 
sections. Part I describes the system technologies for optical signal transmission and network 
management with examples mainly developed by KDDI/NTT; Part II covers cable construction and 
repair technologies; Part III shows how to plan, procure and manage the cable project. 





In Part I, first the technological and business background of current optical submarine networks 
is reviewed in Chapter 1. Then, we give an overview of key technologies for optical submarine 
transmission, including the fundamentals for characterizing the important nature of present and 
future submarine cable systems, in Chapter 2. In Chapter 3, details of the system and key 
equipment design, such as repeater, cable and several kinds of terminals, mainly developed by 
KDDI/NTT are given. To secure and efficiently handle the large capacity in submarine systems, 
proper network management is indispensable. Chapter 4 covers network management technologies 
typically used in submarine systems. Finally, future trends of transmission and network 
technologies are presented in Chapter 5. 

In Part II, we describe the technological aspect of cable route surveys in Chapter 6, including 
burial assessment, which is very important to protect the cable from extremely troublesome fishing 
instruments. In Chapter 7, we describe cable installation technologies including cable landing 
operations, which is very crucial. To secure the high-capacity traffic, cable protection is very 
important. In Chapter 8, we describe various kinds of cable protection technologies. Chapter 9 
covers the details of the 'cable ship', which is a special ship dedicated to cable installation and 
repair. In Chapter 10, methodologies of several key tests for submarine cable systems are 
described. Finally, technologies for cable repair are presented in Chapter 11. 

In Part III, Chapter 12 shows how to plan cable systems in both the carrier's consortium case and 
the private cable case. In Chapter 13, practical aspects of cable procurement are described from the 
beginning to the end of the whole cable project. In Chapter 14, details of cable construction 
management, including building of the terminal station, system assembly, cable loading and cable 
laying/burial, are described. Chapter 15 covers the inspection method of network capability and 
acceptance tests. Chapter 16 presents details of cable maintenance and administration, with a 
special focus on cable ship arrangement for cable faults. 


Shigeyuki Akiba 
Shigendo Nishi 
On behalf of Editors' Committee 




THE EDITORS' COMMITTEE 


Abe, Haruo* 

Akiba, Shigeyuki* 
Edagawa, Noboru* 
Funakoshi, Hiroshi** 
Hayashi, Yoshihiro** 
Imai, Takamasa** 
Nishi, Shigendo** 
Yamazaki, Yoshihiko* 


THE AUTHORS 


Anraku, Takaaki* 

Ejiri, Yoshihiro* 
Hayase, Fujio** 

Izumi, Yasuo* 
Kabashima, Takatomi* 
Maeda, Hideki** 
Matsuda, Toshiya** 
Murakami, Makoto** 
Naka, Akira** 
Nishihata, Kazuhiro** 
Norimatsu, Naoki* 


Ohkawa, Norio** 
Omoto, Kiyoshi** 
Sekine, Minoru* 
Shirasaki, Yuichi* 
Sumida, Masatoyo** 
Suzuki, Masatoshi* 
Tada, Yasuhiko** 
Takahira, Hitoshi* 
Yamamoto, Hitoshi* 
Yamamoto, Shu* 
Yoshizawa, Nobuyuki** 


Note: * KDDI Group members/** NTT Group members 

All authors are Submarine Cable Engineers or R&D Laboratories members 
in each corporation. 








CONTENTS 


PREFACE. (19) 

THE EDITORS' COMMITTEE / THE AUTHORS. (21) 

PART I OPTICAL SUBMARINE CABLE SYSTEMS 

Chapter 1 OVERVIEW OF OPTICAL SUBMARINE COMMUNICATIONS 

1.1 DEMAND FOR TELECOMMUNICATION CAPACITY OVER OPTICAL 

SUBMARINE CABLE SYSTEMS. 3 

1.2 NETWORKING OF SUBMARINE CABLE SYSTEM. 8 

Chapter 2 TECHNOLOGICAL TRENDS 

2.1 FUNDAMENTAL TECHNOLOGIES IN SUBMARINE TRANSMISSION . 15 

2.2 SUBMARINE REPEATERED TRANSMISSION TECHNOLOGY. 33 

2.3 SUBMARINE REPEATERLESS TRANSMISSION TECHNOLOGY. 51 

(References). 60 

Chapter 3 SYSTEM DESIGN AND IMPLEMENTATION 

3.1 SUBMARINE CABLE SYSTEMS. 63 

3.2 DESIGN ON OPTICAL AMPLIFIER REPEATER SYSTEMS. 76 

3.3 DESIGN EXAMPLES. 86 

3.4 WET PLANT. 103 

3.5 TERMINAL EQUIPMENT. 131 

3.6 REPEATERLESS TRANSMISSION SYSTEMS. 169 

(References). 187 

Chapter 4 OPERATIONS OF SUBMARINE CABLE SYSTEMS 

4.1 RING NETWORKS. 191 

4.2 UNDERSEA RING NETWORK. 194 

4.3 AN EXAMPLE OF TRANSOCEANIC CABLE NETWORK . 198 

4.4 OUTLINE OF NETWORK MANAGEMENT SYSTEMS . 201 

4.5 EXAMPLES OF NETWORK MANAGEMENT SYSTEMS. 203 

(References). 207 

Chapter 5 FUTURE PROSPECTS OF THE SUBMARINE CABLE SYSTEM 

5.1 PROGRESS OF SUBMARINE CABLE SYSTEMS. 209 

5.2 FUTURE TRANSMISSION TECHNOLOGIES. 211 

5.3 TECHNOLOGY FOR LONG DISTANCE WDM TRANSMISSION 

OF TERABIT CAPACITIES. 216 



























5.4 TRANSMISSION TECHNOLOGIES FOR MULTI-TERABIT SYSTEMS 
(References). 


229 

248 


PART II SUBMARINE CABLE CONSTRUCTION AND 
MAINTENANCE TECHNOLOGIES 


Chapter 6 CABLE ROUTE ENGINEERING 

6.1 DESK TOP STUDY. 

6.2 CABLE ROUTE SURVEY. 

Chapter 7 CABLE INSTALLATION TECHNOLOGY 

7.1 CABLE INSTALLATION. 

7.2 AUTOMATIC CABLE LAYING . 

7.3 LAYING SIMULATION. 

7.4 INSTALLATION OF BRANCHING UNIT. 

7.5 CABLE LANDING . 

(References).. 

Chapter 8 PROTECTION TECHNOLOGY OF SUBMARINE CABLES 

8.1 TYPICAL CAUSES OF SUBMARINE CABLE FAULTS. 

8.2 REQUIRED BURIAL DEPTH. 

8.3 VARIOUS TYPES OF CABLE BURIAL SYSTEM. 

8.4 OTHER CABLE PROTECTION TECHNIQUES. 

8.5 AUV FOR CABLE INSPECTION. 

(References). 


253 

257 

261 

272 

273 
277 
277 
280 

281 

282 

283 

290 

291 
293 


Chapter 9 CABLE SHIP 

9.1 SHIP SIZE. 

9.2 STERN WORK-CONCEPT. 

9.3 VARIOUS PARTS OF CABLE SHIP . 

9.4 CONSTRUCTION/CONVERSION OF CABLE SHIP 

9.5 EXAMPLE OF LATEST CABLE SHIP. 

9.6 FUTURE CABLE SHIPS . 

(References). 


295 

297 

298 

301 

302 

305 

306 


Chapter 10 TESTING REQUIREMENTS 

10.1 SYSTEM ASSEMBLY TESTING (SAT). 

10.2 TESTING DURING LOADING. 

10.3 TESTING DURING LAYING. 

10.4 TRANSMISSION SEGMENT TESTING . 

10.5 SYSTEM / NETWORK INTEGRATION TESTING . 

Chapter 11 TECHNOLOGY AND ENGINEERING OF SUBMARINE CABLE REPAIR 































11.1 TYPES AND FAULT LOCALIZATION OF CABLE FAULT. 316 

11.2 CAUSES OF CABLE FAULTS. 318 

11.3 IMPORTANT TECHNOLOGIES IN CABLE REPAIR. 319 

11.4 PROCEDURE OF SUBMARINE CABLE REPAIR. 325 

11.5 SAFETY PROCEDURES DURING CABLE REPAIR. 333 

11.6 INFORMATION EXCHANGE BETWEEN MAINTENANCE AUTHORITY(IES) 

AND SHIP OPERATOR. 334 

11.7 IMPROVEMENTS OF CABLE REPAIR. 336 

PART III SUBMARINE CABLE PLANNING AND CONSTRUCTION 

Chapter 12 SUBMARINE CABLE PLANNING 

12.1 FORMATION OF PROJECT. 339 

12.2 INITIAL STAGE OF PLANNING. 340 

12.3 DEMAND FORECAST. 340 

12.4 PROGRESS OF PROJECT. 341 

12.5 DESIGN CAPACITY. 342 

12.6 CAPACITY ALLOCATION. 342 

12.7 NETWORK TOPOLOGY. 344 

12.8 LANDING STATION. 347 

12.9 TERRESTRIAL CONNECTION NETWORK. 347 

Chapter 13 PROCUREMENT OF SUBMARINE CABLE SYSTEM 

13.1 ROUTE SURVEY. 349 

13.2 PREPARATION FOR REQUEST FOR PROPOSAL. 350 

13.3 EVALUATION OF TENDERS. 350 

13.4 EXECUTION OF SUPPLY CONTRACT. 352 

13.5 PROJECT MANAGEMENT. 352 

Chapter 14 CABLE CONSTRUCTION 

14.1 OUTLINE OF CONSTRUCTION WORK. 357 

14.2 CONSTRUCTION OF THE TERMINAL STATION. 360 

14.3 INSTALLATION OF CABLE STATION FACILITIES. 360 

14.4 ADDITIONAL PLANT OF LANDING STATION. 361 

14.5 SYSTEM ASSEMBLY. 368 

14.6 CABLE LOADING. 368 

14.7 CABLE INSTALLATION AND BURIAL. 369 

Chapter 15 SYSTEM COMPLETION AND ACCEPTANCE 

15.1 GENERAL. 377 

15.2 PRODUCT DESIGN ACCEPTANCE TESTING. 378 


































15.3 FACTORY TESTING. 378 

15.4 TERMINAL STATION EQUIPMENT & SDH/INTERCONNECTION 

EQUIPMENT IN-STATION TESTING. 379 

15.5 SUBMERSIBLE PLANT ASSEMBLY TESTING. 379 

15.6 LOADING AND LAYING TESTING. 379 

15.7 TRANSMISSION SEGMENT TESTING. 379 

15.8 TRANSMISSION SEGMENT TESTING BY PURCHASERS . 381 

15.9 TRANSMISSION SEGMENT CONFIDENCE TRIAL. 382 

15.10 SYSTEM / NETWORK INTEGRATION TESTING. 382 

15.11 SYSTEM / NETWORK INTEGRATION TESTING BY PURCHASERS. 382 

15.12 SYSTEM / NETWORK CONFIDENCE TRIAL. 382 

15.13 OTHER TESTS WITH BACK-HAUL EQUIPMENT. 383 

Chapter 16 AGREEMENTS OF CABLE OPERATION AND MAINTENANCE 

16.1 MAINTENANCE PROCEDURE . 385 

16.2 CABLE SHIP MAINTENANCE AGREEMENT. 388 

APPENDIXES 

I Chronological Table of Submarine Cable Systems. 395 

II The World's International Submarine Cables. 403 

III Major Cable Ships in the World.409 

IV Abbreviations. 414 


INDEX 


423 





















PART I 


OPTICAL SUBMARINE 


CABLE SYSTEMS 

























CHAPTER 1 


OVERVIEW OF OPTICAL 
SUBMARINE COMMUNICATIONS 


1.1 DEMAND FOR TELECOMMUNICATION CAPACITY OVER OPTICAL 
SUBMARINE CABLE SYSTEMS 

A so-called "dog-year" change is occurring in the telecommunications market. Demand is 
shifting rapidly from ordinary voice service to data services, and especially to Internet protocol (IP) 
data service. Internationally, demand for the data services is expected to increase, particularly 
between large international cities, such as Tokyo, New York, L.A., London, Singapore and Hong 
Kong. International traffic is growing at a rate of 100% per year. Voice services, by contrast, are 
only growing at a rate of 8%, as illustrated in Fig.1.1. Consequently, an international traffic 
capacity greater than 10 Tbit/sec will be required on each optical submarine cable systems in order 
to satisfy demand. 

Optical submarine cable systems are now the media of choice for telecommunications because 
they can handle high-capacity and high-quality traffic, and take the place of the satellite systems, 
which have limited capacity. Optical submarine cable systems are, and will continue to be, essential 
in meeting the growing demand for international telecommunication. The current trend in 
transoceanic traffic capacity in submarine systems is shown in Fig. 1.2. This capacity is exploding 
all over the globe. 



4 Optical Submarine Cable Systems 



Figure 1.1 Growth in traffic international cable 



The market for optical submarine cable systems is undergoing a variety of fundamental changes 
caused by technological progress in conjunction with growing telecommunication demand. Dense 
wavelength division multiplexing (DWDM) technology, which involves transmitting information 
on densely multiplexed wavelengths of light on individual fibers, has been the subject of intensive 
development. This technology increases the capacity of submarine systems to more than 100 Gbit/s 
per fiber by increasing the number of applicable WDM channels and the bit rate per channel. This 
is shown in Fig. 1.3. The state of DWDM technology is continuing to develop through advanced 
terminal equipment and specially designed submersible plants with optical fibers. Meticulous 
system design is necessary when applying DWDM technology to optical submarine cable systems, 
with special attention to transmission distance. The system design and advanced equipment 
necessary for transoceanic transmission are detailed in Chapter 3. 
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Figure 1.3 Growth in traffic of international cables 
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Applying DWDM to optical submarine cable systems has led to the creation of new business 
strategies in the international telecommunication industry as a result of a huge traffic capacity and 
the reduction in the cost of transoceanic traffic. A new type of the submarine system user has 
appeared, called the wholesaler. Wholesalers are not actual users, but brokers of the traffic capacity 
or bandwidth. They do not provide services by themselves, they merely sell increased capacity. 

Demand has also led to an expansion in the types of users of optical submarine cable systems. 
This is shown in Fig. 1.4. New users include internet service providers (ISPs) for data services and 
application service providers (ASPs) for internet application services. These include e-commerce 
businesses. The transport infrastructure provided by submarine systems can be applied to various 
data services that use advanced network technologies, such as frame relay (FR), asynchronous 
transfer mode (ATM) and IP connectivity. 

Who are the users? 



Figure 1.4 Submarine cable services 

The worldwide liberalization of telecommunications is another key factor in bringing dynamic 
change to submarine cable markets. This liberalization is enhancing market competition in the 
industry by increasing the number of providers of submarine systems. 

Figure 1.5 outlines the change in the players in the submarine cable market. The users have 
been separated from the providers. In the past, dominant national telecom carriers organized 
consortiums to construct optical submarine cable systems with the sole aim of meeting their 
forecasted demand. In other words, a small number of the national telecom carriers acted as 
providers and users, simultaneously. Liberalization, however, has helped many players enter the 
market. 
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Scenario Users construct submarine cable 
by themselves. 

Number of Players on market is 
restricted. 


Users will be distinguished from 
providers. 

Various kinds of players exist. 


Providers Consortium of telecom carriers 


Consortium of telecom carriers 
Private companies (wholesalers) 
Special purpose vehicles 


Users 


Telecom carriers 



Telecom Carriers 
ISPs 

Wholesalers 


Changes in submarine cable market- 

• Improvement in submarine cable transmission technology 

• Appearance of competition on market 

• Growth in demand caused by internet services 


Figure 1.5 Changes in players in submarine cable market 


Many new players are appearing as providers. Cable Consortiums are still major providers, but, 
these consortiums are no longer limited to dominant national carriers. Many new carriers are 
participating in cable consortiums of Telecom Carriers, acquiring the capacity to ensure that they 
have the capability to deliver services to customers. 


Some investors have established private companies for cable projects to act as providers or 
wholesalers of transoceanic traffic capacity. These private companies mainly construct submarine 
systems to sell capacity to customers, not to use themselves. Table 1.1 summarizes the two types of 
international cable construction. 


Table 1.1 Types of international cable construction 



Club Type 

Private Type 

Cable Owners 

Telecom Carriers, etc. 

Cable Project Investors 

Methods 
for obtaining 
Capacity 

Cable owning 
commitment at cable 
planning 

Capacity purchase 
depending on demand 

Examples 

APCN, Japan - US, etc. 

FLAG, PC-1, etc. 


In addition to the providers above, telecom carriers and some investors have established unique 
special purpose vehicles (SPVs). SPVs have the features of both consortium and private cables. The 
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capacity provided by the vehicles meets the demand of the telecom carrier, but also other users. 

A number of new systems are being installed and planned that make use of developing 
technologies in this growing market. Figure 1.6 shows international submarine cable systems that 
are under construction, or have been already constructed over the last 10 years. FLAG Cable was 
constructed in the European-Asian region in 1996 as a private cable. After that, Gemini and AC-1 
began providing commercial traffic in the Trans-Atlantic region. As shown, many consortiums of 
telecom carriers constructed submarine cable systems at the same time as private cable companies. 
They are also constructing them now. The internaltional telecommunications market has become 
very competitive, and almost everyone has access to capacity from submarine cable systems. 
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Figure 1.6 Types of international cable 

DWDM technology has reduced the cost per unit capacity of data traffic, and is developing 
rapidly to keep pace with the telecommunication demand generated by data services, especially IP 
data services. Moreover, this cost reduction in conjunction with global liberalization has pushed 
many players into submarine cable projects as providers as well as users. Private companies and 
traditional cable consortiums are planning and constructing a number of new submarine systems, 
to handle traffic not only from traditional telecommunications carriers, but also from various data 
service providers and wholesalers. The entry of this variety of players has given almost anyone 
access to the international bandwidth, and this bandwidth has become a commodity. These are 
dramatic and fundamental changes. There has never been a more exciting time to be involved in 
submarine cable systems. 















8 Optical Submarine Cable Systems 


1.2 NETWORKING OF SUBMARINE CABLE SYSTEM 

The history of the optical submarine cable began in the late 1980's. The first generation of fiber 
optic transmission used electrical regenerative technology at some hundreds of transmission rate. A 
optical amplifier technology, as the next generation, was in commercial in the middle of 1990's and 
it was not so long before wavelength domain multiplexing technology which inherent to provide an 
large scale of transmission capacity was developed and implemented. At present the terabit/ multi 
terabit per cable transmission system by DWDM is just around the corner. 

Focusing on the fiber optic network, a concept of network layer is presented as depicted in the 
Fig. 1.7. An optical network in general consists of a cable containing multiple fiber pairs. Links of 
the fiber pairs form a network of fiber layer as a physical layer of the lowest level. A wavelength 
network layer is structured on the fiber network layer by optical paths of wavelength channel using 
WDM, and generally form different topologies from the fiber network layer by wavelength 
add/drop and wavelength conversion technics used at network node. As part of the wavelength 
network layer, a waveband which is a bundle of wavelengths may possibly configure a kind of 
layer. A service layer on the wavelength layer is defined as a logical layer which produces a 


Service 
Network Layer 


Wavelength 
Network Layer 


Fiber 

Network Layer 


network connected by SDH /SONET equipment, ATM switches, IP routers, etc. 

SDH/SONT 



Figure 1.7 Concept of optical network layer 

1.2.1 BASIC TOPOLOGY OF SUBMARINE CABLE NETWORK 

The basic topologies of physical connection for the submarine cable and their features are as 
follows; 
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SDH Ring by NPE 


(1 : n) Protection 



Branching Unit 


(a) Point to Point 


(b) Trunk & Branch 


(c) Ring 


Figure 1.8 Basic tyopology of submarine cable network 


(a) Point-to-point 

In contrast to the wireless communication which provides point-to-area link, telecommunication 
via cables is characterized by point-to-point link which connects fixed locations. The point-to-point 
configuration is a starting point and a fundamental element that configures various types of 
networks in submarine cable systems, mentioned hereafter. 

Optical submarine cables usually accommodate multiple pairs of fibers which enable 1+1 or 1: n 
protection switching of the optical fiber path as required. Moreover, with the use of WDM 
technology, the same protection scheme extends to the wavelength base. TAT-14 Cable Network has 
a 1:16 protection embedded on wavelength layer in a point-to-point link. 

(b) Trunk and branch 

A branching method was exploited for an economical solution in the case of constructing 
submarine cable systems linking multiple landing points. By such branching method, the total 
length of wet plants (submarine cable and repeaters) is shortened compared with point-to-point 
link. Besides, the decreasing number of landed cable results in economy in terms of the installation 
cost. This configuration is realized by a branching unit(BU). The primitive configuration linking 
three points is applied for TPC-3, -4 / TAT-8, -9 and others, and in TAT-9 has a branching unit 
which has TDM switchers to provide a flexible network arrangement. There is a type of BU which 
automatically re-configures a fiber optic path for protection in case of failure in power supply paths 
for repeaters. 

The configuration consisting of a trunk with multiple branches which gains the mentioned merit 
is often adopted in recent cable systems, APCN, FLAG, etc. 
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(c) Ring 

A physical ring configuration is build by point-to-point connections among cable landing points. 
In the present system, the ring network architecture was featured by the network protection on 
logical network layer using SDH/SONET equipment. SDH ring network protection using automatic 
protection switching (APS) protocol is standardized by ITU-T and well established. Especially for 
underseas application, four-fiber ring protection equipment complying to transoceanic protocol 
defined in ITU-T G.841Annex A has been developed as Network Protection Equipment (NPE), 
which enables quick traffic protection time of less than 300ms. The application was put into the 
submarine cable market in TPC-5, TAT-12 /-13 Cable Networks at the beginning, and is currently in 
common use over the world. 

The concept of the ring protection is going to be expanded to the optical layers, such as Optical 
NPE facilitating APS protocol implemented in JIH. 

1.2.2 ADVANCED CONFIGURATIONS 

In the market place, the customization gave rise to some variations in network configuration 
based on the combination and multiplication of the basic topologies mentioned in section 1.2.1. 
Furthermore, by the emergence of WDM technology , the domain of the physical path is expanded 
from fiber- base to A -base. 

(a) Multiple branch ( A - based) using optical wavelength add/drop technology SEA-ME-WE 3 

(b) SDH Ring ( A - based) TAT-14 

(c) Multiple double branch* and SDH ring ( A - based) China-US 

(d) Integrated multiple double branch* and ring (fiber based) JIH 

Note*: Double branch architecture is to utilize ring protection effectively when branch 
configuration is applied. 
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(c) Multiple Branch (Fiber based) and Multiple SDH Ring (d) Integrated Multiple Double Branch and Ring 
(X -based) (Fiber based) 


Figure 1.9 Advanced configuration of cable network 

1.2.3 FUTURE NETWORK 

(1) Trends of telecommunication network 

The future network is characterized by the following trends; 

(A) Transmission Capacity Growth 

The recent communication application with visual information and quick response time, such as 
the Internet, video phones, video teleconferencing, video on demand, multimedia document 
distribution crucially requests telecommunication networks to provide a large total capacity of 
transport as well as a capability of transmitting broadband data. Especially the burgeoning growth 
of Internet applications is a driving force in the revolution of optical transmission technologies, 
such as DWDM and higher bitrate transmission. On the other hand, networks with lower cost and 
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(2) City-to-city connectivity 

The scale of telecommunication networks with various sub-networks including submarine cable 
networks is growing larger, however users at the edge of the network prefer not to be bothered 
about anything resulting from this network scale enlargement due to differences among sub¬ 
networks in all aspects. In short, network users or service providers want a seamless global-wide 
network where submarine and terrestrial networks are integrated. 

(A) Aggregation to network edge 

In the present global networks, submarine and terrestrial networks are partitioned at cable 
stations by SDH nodes in general. In other words, the traffic over SDH SONET from city POP 
(Point of Presence) should be appropriately aggregated at the cable landing station to make proper 
use of the functionality of the SDH/SONET network architecture, such as add/drop, routing, and 
survivability. As the transport capacity increases, the necessary floor space together with the power 
supply for terminal equipment in a cable landing station will increase tremendously, almost in 
proportion to the transport capacity. Eventually the capacity increase will result in the increase of 
total cost due to the explosion of equipment quantities. In order to mitigate the explosion of floor 
space, power supply and cost for the cable landing stations, the signal format conversion, tributary 
aggregation get pushed out to the edges of the network. 



The network is evolving into an entity where the signal format conversion SONET SDK IF 
ATM or any other signal format) takes place at the edges of the network. Well-established 
SDH /SONET systems are currently widely deployed and provide high quality traffic transports 
with even kind of interface nowadays. However, considering the future change in the types of 
service traffic and especially the delivery of the broad bandwidth services, the value of 
SDH SOX T ET as an intermediate multiplexing layer is diminishing. The network provides a pipe 
supported by a wavelength. The “pipe'' can be reconfigured regardless of the signal format, thus 
providing uniformity of managing the network. All signal formats are treated equally. 

(B) Unified OAM&Penvironment 

The industry has recognized that its OAM&P Operations. Administration Maintenance anc 
Provisioning) needs are best served by city-to-city connectivity. Here the global network extends 
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from POP to POP, with a unified OAM&P environment, and the distinction between submarine and 
terrestrial networks is blurred or eliminated. In general, the segmented environment requires 
multiple OAM&P systems and, as a result, the network management systems becomes unwieldy, 
with a duplication of functionality between the segments. By contrast, in the unified OAM&P 
environment, greater automation and economies of scale should inevitably result. 

As a consequence, it is expected that the signal format conversion and tributary aggregation, 
together with OAM&P relating to tributaries will be eliminated in the "anything over WDM" 
networks. Concurrently, the advantage of the optical (wavelength) layer networking with superior 
bandwidth scalability and greater networking flexibility will be enhanced as the service capacity 
increases. The network architectural concept of "anything over WDM" would take over from the 
conventional concept of "anything over SDH/SONET over WDM", and then the core transport 
network will be simplified eventually. 

(3) A -based Mesh Network 


In conjunction with the legacy optical network, a global mesh network on wavelength layers 
will be realized through an arrangement consisting of optical network nodes facilitating optical 
cross-connection (OXC) with intelligent S/Ws providing following functionalities; 

(A) Flexibility/ Scalability / Modularity 

A mesh network has the flexibility to allow any type of network topology, and the capability of 
on- demand path provisioning from the software platform. Auto discovery of new routes helps 
network operation when new nodes are added. A dynamic routing function of finding the optimal 
path between any two points will help restoration capabilities 

(B) Survivability (Protection and Restoration) 

Various protection methodologies (l:n / 1+1 / bidirectional line switched ring (BLSR) / ring / 
multiprotocol label switching (MPLS)) and an effective use of network capacity for network 
protection and restoration can be planned and implemented as required. Eliminating complex 
operations of considerable coordination, processing by looking out over whole network, and 
restoration time potentially can be faster. 

In the development of the following key technologies, A based mesh networks will be deployed 
in the future, and contribute to expanding the new style of telecommunication business. 

- Optical cross-connect (OXC) 

- Transpondering 

- Protection signal communication schemes on optical layer 

- Wavelength conversion technology 

- All-optical regeneration technology 



CHAPTER 2 


TECHNOLOGICAL TRENDS 


2.1 FUNDAMENTAL TECHNOLOGIES IN SUBMARINE TRANSMISSION 

Submarine cable systems are key components of domestic and international communications 
systems and have transmission distances of up to tens of thousands of kilometers. 

In long haul systems with transmission distances of over several hundred kilometers, the 
decrease in signal level due to fiber loss causes errors in the digital signal. Therefore, it is necessary 
to recover the optical signal level by installing submarine repeaters at suitable intervals. 

In a conventional type submarine repeater, the received optical signal is first converted into an 
electrical signal. Next, it is decided and reproduced in electrical circuits having the so-called 3R 
(reshaping, retiming and reproducing) function. The reproduced electrical signal is converted into 
an optical signal again and launched into the fiber of next section. This means that a conventional 
type submarine repeater contains many devices. 
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(1) Repeatered Submarine System 



(2) Repeaterless Submarine System 



Figure 2.1 Submarine cable transmission systems 

If a submarine repeater breaks down, it takes a lot of time to exchange it, since it is generally 
lying on the seabed. Thus, each submarine repeater must have high reliability to minimize the 
unavailability of the total transmission path. Also, all parts and devices used in submarine repeater 
must be highly reliable. This leads to excessive repeater cost. In addition, the number of repeater 
circuits mounted in a submarine repeater is limited because of the small repeater housings. This 
was a bottleneck in increasing cable capacity. 

Submarine repeaterless transmission systems are very economical for distances of several 
hundred kilometers because the submarine repeaters and the power feeding equipment are not 
included in the system. However, high power optical senders and highly sensitive optical receivers 
are needed if the transmission distance is to be increased. In conventional systems, two problems 
were how to realize optical signal power above several dBm and how to achieve high sensitivity 
close to the theoretical noise limit. 

Recent improvements in optical amplifier technology [1-3] have solved the above-mentioned 
problems in both repeatered and repeaterless systems. One key advance [4] was the use of the 
erbium doped fiber optical amplifier; its effectiveness has been proven in long haul and high speed 
transmission systems. 

The performance of submarine transmission systems has improved rapidly with this optical 
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amplification technology. 

The optical fiber amplifier amplifies the optical signal directly; no electrical conversion is 
needed. Thus an optical fiber amplifier can be used in a submarine repeatered system as a repeater, 
and in a submarine repeaterless system as an optical booster or as an optical preamplifier. It plays a 
big role in improving the performance of undersea transmission paths due to its excellent 
characteristics such as low-noise and high power operation. 

Moreover, an optical amplifier can simultaneously amplify multiple signal channels with 
different wavelengths. The performance of large capacity and long distance transmission systems 
has been improved drastically by the synergistic effect of this common amplifying characteristic 
and wavelength multiplexing transmission technology. 

2.1.1 OPTICAL AMPLIFICATION TECHNOLOGY 


(1) Outline of optical amplifiers 


The optical amplifier is a device that amplifies light power directly. It can be composed of 
simple circuits. 

Optical amplifiers can be classified as either semiconductor laser amplifiers, which use a laser 
chip as the amplification medium, or fiber amplifiers which use optical fiber as the amplification 
medium. In addition, fiber amplifiers are further classified as either rare earth doped fiber 
amplifiers or Raman amplifiers. 



(1) Semiconducter Laser Amplifier 


Fiber as amplification medium 



Figure 2.2 Basic structures of optical amplifiers 


The semiconductor optical amplifier is a laser diode whose opposing facets are coated with anti¬ 
reflection films, to create a one way optical waveguide. This simple device is driven by electrical 
current and amplifies the optical signal that passes through its activated waveguide. 


This optical amplifier is small and its drive current is low (about 100mA). However, the loss at 
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the connection between the fiber and the semiconductor facet is not small (3-5 dB/end). Even if the 
amplification gain in the semiconductor is large, the total gain (fiber to fiber) decreases due to the 
connections. Moreover, there is a problem in that the gain depends upon the polarization state of 
the input signal light. 

This type of optical amplifier suits integration with a modulator and use in signal level recovery 
after signal modulation. 

The fiber Raman amplifier [5] is an optical amplifier that utilizes a kind of fiber nonlinearity. 
The signal light is amplified by the stimulated Raman scattering process in the optical fiber; 
commonly used fiber for transmission. The optical signal, which is launched into the transmission 
fiber together with the pump light, is amplified gradually along the fiber. The wavelength, at which 
the Raman gain is the maximum, is upshifted from that of the pump light. This shift is called the 
Raman shift and is about 13THz for pure silica core fiber. The fiber Raman amplifier has low noise 
and wide amplification band characteristics. However, it needs high pump power to obtain gain 
sufficient for transmission use. 


The rare earth doped fiber amplifier amplifies an optical signal using the stimulated emission 
from rare earth ions. The pump light excites the rare earth ions doped in the core area of the fiber. 
The optical signal is amplified as it passes through this activated fiber. The rare earth doped fiber 
amplifier has several good features such as being distortion free, having independency from the 
polarization state of the signal, as well as connection loss. 

The erbium doped fiber amplifier (EDFA) [6], which uses erbium as the rare earth, has become 
indispensable in recent 1.5pm band long haul optical transmission systems, because it can amplify 
the signal in the wavelength-band of 1.5pm at which the fiber loss is minimized. In addition to this, 
it has excellent characteristics, such as high gain, low noise, and no pattern effect. 

The principle of the EDFA is described below. 

(2) Principle of EDFA 

In the EDFA, the optical signal is amplified as it propagates the medium, which is in the state of 
population inversion. The optical amplification process of the EDFA is determined by the 
transitions in the erbium ions, i.e., the absorption of pump light, stimulated emission of signal light, 
and spontaneous emission. 
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LD Pump Source 

Figure 2.3 Basic configuration of EDFA 


Figure 2.3 shows the basic configuration of the EDFA. It is basically composed of a pump light 
source, a coupler which combines pump and signal lights, an erbium doped fiber (EDF) as the 
amplification medium, optical isolators, and an optical filter. 

The EDF's structure permits only single propagating modes at both signal and pump light 
wavelengths, and the core is doped with erbium ions. Typical dopant density is several tens or 
hundreds of ppm (weight ratio). 

The erbium ion has the absorption wavelength bands of 0.514, 0.65, 0.8, 0.98, and 1.48jim, etc. 
When the pump light with one of these wavelengths enters the EDF, its optical energy is absorbed 
and the erbium ions are pumped up to the excited state corresponding to the pump light 
wavelength. When the signal light enters the EDF when it is pumped up, the excited state erbium 
ions are stimulated by the signal light whose wavelength lies in the 1.5pm band. The stimulated 
ions emit the light equivalent to the signal light and return in the ground state. This amplifies the 
signal light in the 1.5pm wavelength band. 
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Figure 2.4 Energy levels and transitions in the erbium ion state 
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Figure 2.4 shows the energy levels and the transitions of the erbium ion state, for the cases of 
1.48pm and 0.98pm pumping. 1.48pm or 0.98pm light is generally used for practical EDFAs, because 
at these wavelengths the pump light is efficiently converted into signal light and practical laser 
diode light sources can be used. The vertical axis shows the energy difference from the ground state 
(T 15/2 ) of the erbium ion. Each level is composed of several sublevels described by thin horizontal 
lines in the figure. The ion population density at each sub-level follows Boltzmann's distribution 
law. The energy difference equals the energy of a photon absorbed or emitted in the transition 
process between the two levels shown by the vertical arrows in the figure. The slanting arrow 
shows a transition without light emission. Its transition time is much shorter than that of a 
transition with light emission. 
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Figure 2.5 Transition model of a three-level laser system 


Figure 2.5 shows the transition model of a three-level laser system. N,, N 2 and N 3 are the ion 
population densities of the ground level, the upper level and the excited level, respectively. In the 
case of the EDFA, the ground level and the upper level correspond to 4 I 15/2 and the relatively low 
sub-levels of T 13/2 , respectively. The excited level is 4 I n/2 for 0.98pm pumped EDFA, while it is the 
highest sub-level of T 13/2 with 1.48pm pumping. Thus, an EDFA pumped by 0.98pm light can be 
described as a three-level laser system. A 1.48pm pumped EDFA, on the other hand, is classified as 
a two-level laser system, because the excited sub-level pumped by 1.48pm light and the sub-level 
emitting 1.55pm signal light are within the same level ( 4 I 13/2 ). 

The signal is amplified when it enters the EDF in the population inversion state, where N, is 
larger than N,. 

The performance of the EDFA strongly depends upon the relation between N, and N 2 . In general, 
n sp , defined in the following equation, is used to describe this relation. 


= n 2 

U$ p N 2 ~ N 2 


( 2 . 1 ) 


n is called the population inversion parameter. Better amplification performance is obtained 
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with larger N, or smaller N„ i.e. nsp approaches 1. 

From a consideration of the rate equation of the three-laser system, the steady-state relation 
between N 3 and N, is derived as follows; 


N 3 


T 32 a plp 

hv p 


N 2 


( 2 . 2 ) 


Here, h is Plank's constant. o p , I p , v p are the absorption cross-section, the beam intensity, and the 
optical frequency of the pump light, respectively. x 32 is the transition time from the excited level to 
the upper level, and is typically of the order of psec. The absorption cross-section is a function of 
the wavelength. 

For 0.98pm pumping under the condition that the signal power is small, a steady state relation 
between N 2 and N, is given by; 


N, 



n 3 = 


Tz f p7p y, 

hv P 


(2.3) 


Here t 21 is the transition time from the upper level to the ground level, and typically of the order 
of msec. 

As pump power increases, population inversion (N 2 >N,) occurs and the signal comes to be 
amplified. For the pump power yielding N 3 =N„ the EDF is transparent to the pump light, where N 1 
and N 3 are nearly equal to zero and n sp approaches 1, because N 2 »N 3 =N, and N,+N 2 +N 3 =const 
(=total ion population). 

On the other hand, the steady state relation between N 2 and N, in the case of 1.48pm pumping 
follows Boltzmann's distribution law; 

N 3 ( hAv ) 

N; =exp r~kT r ) .( 2 . 4 ) 

Here k, Av and T are Boltzmann's constant, the optical frequency difference between the excited 
level and the upper level, and absolute temperature, respectively. Av depends on the sub-levels of 
the upper level and is a function of the signal wavelength. The EDF becomes transparent to 1.48pm 
pump light under the condition of N 3 = N,, that is N, = N 2 exp(-AE/fcT) from Eq.(2.4). Moreover, N 3 
or N 2 no longer increase. So, n sp takes a value around 1.6 with strong 1.48pm pumping. 


Because the EDFA has an amplification band of 1.53-1.56pm, wavelengths around 1.55pm are 
usually chosen as the signal wavelength. 

The signal light is amplified within the EDF in the excited state. Simultaneously, a spontaneous 
emission (SE) light having the wavelength of 1.53-1.56pm is generated in all portions of the excited 
EDF. The SE occurs regardless of the signal light's presence. The part of SE light that propagates 
along the EDF is amplified as well as the signal light in the EDF. As a result, amplified spontaneous 
emission (ASE) light is output together with the signal light. The ASE becomes noise and degrades 
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the transmission characteristics. 

The SE power Ap 5E , in a given bandwidth Av, which is generated in section Az and propagates 
along the fiber length, is given by; 

Ap S£ = 2n sp h v A v Az . (2.5) 

Here Ap SE is the sum of the powers in two orthogonal polarization states. Ap SE experiences the 
amplifier gain from position z at which it was generated to the output end. Thus, the ASE power 
p A5E (z) along the fiber length follows the equation; 

a Pase = S-Pase +A Pse . ( 2 . 6 ) 


Here g is the gain coefficient of EDF. For a strong pump light, n, p is constant along EDF length. 
Therefore, total ASE noise power p ASE in the EDFA output is given by the following equation; 

PASE = 2n sp (G-l)hv Av . (2.7) 


Where G is the gain of the EDFA. 

In Fig. 2.3, a semiconductor laser is used as the pump light source because they have long life 
and high stability. 

The optical isolator prevents laser oscillation due to back reflection from the optical connector or 
other optical devices. The optical filter removes unwanted ASE light. 


(3) Noise characteristics 

The most important performance measure for an optical digital telecommunication system is the 
bit error rate (BER). The error occurs in the receiver when it decides that the signal pulse sent by the 
transmitter was '0' ('1') when ‘V ('0') was actually sent; the decision is made in the electrical domain. 

One of the main factors determining the bit error rate (BER) is the signal to noise ratio (SNR) just 
before the decision circuits. The SNR is the ratio of the signal power to the noise power. The current 
value i of the electrical signal fluctuates from its mean value </>. The signal power is proportional 
to the square of the mean current </> 2 . On the other hand, the noise power is proportional to the 
mean-square of the current fluctuation <(i-<i>f>. 
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If the optical signal is not accompanied by any extra light, the current noise is mainly generated 
by the following two causes. 

(1) Fluctuation in photon numbers arriving in one time slot, which originates in the photon's 
particle-like nature. This is called the quantum noise. The noise power is proportional to the power 
of the optical signal. 

(2) Noise such as thermal noise added within electrical stage in the receiver circuits. 

In an optical transmission system without an optical amplifier, the noise created by cause (2) 
determines the receiver sensitivity. On the other hand, the contribution of the noise created by 
cause (1) becomes large in the receiver with an optical amplifier, because the amplified optical 
signal power leads to relatively large quantum noise compared to the thermal noise. Therefore, the 
receiver with an optical pre-amplifier can achieve higher sensitivity than the conventional type 
optical receiver. 


If the amplified optical signal is accompanied by no noise other than quantum noise, the 
sensitivity may approximate the quantum limit. However, most optical amplifiers add some optical 
noise due to ASE. In the long distance transmission systems that use a lot of optical amplifiers as 
repeaters, the accumulation of the ASE noise becomes predominant and limits the total 
transmission length. 


The noise appears after the conversion of the optical signal into an electrical one. The main noise 
components of optically amplified light are the quantum noise (N shot ), the beat noise between signal 
and ASE (N sig . sp ) and the beat noise between ASE lights each other (N sp _ sp ). Among these, the 
contribution of Nshot is relatively small. N sp . sp is not critical because N sp . sp power within the signal 
bandwidth can be suppressed by removing ASE components outside the signal wavelength by 
using an optical filter. Thus, noise component N sig . sp is the dominant factor in a transmission system 
with optical amplifiers. 


In general, the noise characteristics of an optical amplifier are described by its noise figure NF. 
NF is defined as the ratio of SNR in to SNR out ; 


NF = 


SNR h 

SNR, 


(2.8) 


where SNR 0Uf is the SNR of the amplified light and SNR in is that of the input light without extra 


noise. 
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amplified signal 



Figure 2.6 Optical spectrum of amplifier output 


Figure 2.6 shows the optical spectrum of a typical amplifier's output. 

Considering only the noise components N sig . sp/ the NF value of the optical amplifier can be 
obtained experimentally as follows 




J±Pa 

Gh 


(2.9) 


Here AP ase is the spectral density of P ASB at the signal. 

If n sp is constant along the length of the EDF, for instance under strong pumping, NF, [g . sp is given 

by; 


NF ^= 2 \ 


( 2 . 10 ) 


Figure 2.7 shows an example of a calculated noise figure spectrum for an EDFA pumped by 
sufficiently strong light. 
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Figure 2.7 Noise figure vs wavelength 

The NF value for 0.98|im pumping is nearly equal to 3dB. This shows that the ideal population 
inversion state (N^O, n sp =l) can be realized by strong 0.98pm pumping. On the other hand, the NF 
for 1.48mm pumping is about 4-5 dB. This is because N, is not equal to zero and the population 
inversion is not complete even if the pump power is strong for the reason mentioned in the 
previous section. 

The NF values discussed above were calculated between the input and the output light of EDF. 
If optical devices such as an optical isolator are attached between the input port and the EDF as 
shown in Fig. 2.1, the NF value is increased by the loss of the optical device. 

(4) Gain characteristics 

The power levels of pump and signal light change along the length of the EDF. If the local 
pump power is insufficient, or the local signal power is relatively large, the ion population density 
of upper level N, is less than the value for the strongly pumped case. In this case, N 2 is distributed 
along the length of the EDF. The gain coefficient (g) is local gain per unit length and is related to the 
ion population density of the upper level. In general, g is a function of the position, z, along the 
length of the EDF and signal wavelength, A . Total gain G is obtained by integrating g( z) along the 
length of the EDF. 

G( X) = exp | Jg (z, A ) dzj . (2.11) 

If pump power is strong enough, the ion population density N 2 becomes approximately 
constant. In this case, gain coefficient g is also constant along the length of the EDF, and G (=e fiU)L ) is 
called the unsaturated gain value. 
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An example of an unsaturated gain spectrum is shown in Fig. 2.8, while the gain dependency on 
EDF length is shown in Fig. 2.9. 
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Figure 2.8 Unsaturated gain vs wavelength 
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Figure 2.9 Unsaturated gain vs EDF length 

If the input signal power is so small that gain change does not occur, more than 30dB of gain 
value can be easily obtain by several tens mW of pump power. 
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Figure 2.10 Gain vs. input signal power 

Figure 2.10 shows the gain versus the input signal power. As the pump light power increases, 
the saturation input signal power, which induces gain saturation, also increases. With strong 
pumping and a strong signal, the signal power added by the EDFA may be more than 50% of the 
pumping power. This shows that the EDFA has high energy conversion efficiency. An EDFA in this 
condition is used as an optical booster. 

2.1.2 EDFA APPLICATIONS 

EDFAs are applied in 1.5)Lim band optical transmission in various fields such as the trunk 
transmission, subscriber lines, and CATV. 

The EDFA can be considered as an ultra-wide bandwidth amplifier with a carrier frequency of 
around 200THz and a bandwidth of several THz (that is the wavelength band of 1.53-1.56pm). 
Transmission systems featuring EDFAs have the following unique merits; 

(1) There is no restriction on the signal speed and the signaling method such as modulation format 
or multiplexing scheme. Therefore, it is easily applied to the transmission of super high-speed 
signals and wavelength multiplexed signals. 

(2) The configuration of the repeater is simple. Thus, repeaters featuring higher reliability and 
lower cost can be realized. 

The merits of the EDFA are strongly noticeable in long distance submarine optical fiber cable 
transmission systems, because the number of repeaters is proportional to the system length, and 
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submarine repeaters are much more expensive than terrestrial repeaters. 

When EDFAs are used in a long distance submarine optical fiber cable transmission systems, the 
following points should be considered [7,8]; 

(A) The optical noise added at each repeater accumulates. Therefore, it is necessary to optimize the 
signal level diagram and to use low-noise amplifiers, in order to minimize the degradation in SNR 
at the receiving terminal. 

(B) The signal pulse waveform distortion caused by the chromatic dispersion of each cable section 
accumulates. To minimize this distortion, chirp free pulses and low dispersion lines are needed. 
Therefore, the use of external modulators and 1.5pm dispersion-shifted fiber cables are 
indispensable. 

(C) The distortion in the signal spectrum due to the fiber non-linearity in each cable section also 
accumulates. The parameters related to fiber non-linearity such as the sending power, the zero- 
dispersion wavelength or the fiber core cross section should be set considering this problem. 


The problem of fiber non-linearity was not significant before the advent of the EDFA, because 
the non-linearity of silica glass is small and the noise and distortion were removed at the 
regenerative repeaters installed at intervals of several tens of kilometers. However, the regenerative 
repeater span is increased drastically if EDFAs are used as non-regenerative repeaters. Thus, the 
problems that were negligible before, must now be considered in EDFA repeatered systems. 

The chromatic dispersion should be low to minimize type(B) distortion, while zero dispersion 
induces type (C) distortion. 



Figure 2.11 Dispersion management 
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Dispersion management [9] is one way of solving these conflicting problems. It changes the local 
dispersion values along the fiber length from the average dispersion in each cable section, while 
keeping the total accumulated dispersion of zero, as shown in Fig. 2.11. 

EDFAs are also effective in increasing the transmission distance of unrepeatered submarine 
systems [10]. EDFAs as optical boosters and optical pre-amplifiers yield higher transmission powers 
and higher receiver sensitivity, respectively. Although an unrepeatered system does not suffer the 
accumulation of noise or distortion due to the multiple amplifiers, fiber non-linearity is one of the 
most important considerations when designing the system, because the higher transmission powers 
strengthen the effects of non-linearity. 

Applying EDFAs to wavelength division multiplexed signal transmission systems is very 
attractive in terms of how it enlarges the capacity of long haul repeatered transmission systems. 
This is mentioned in the next section. 

2.1.3 WDM TRANSMISSION WITH OPTICAL AMPLIFIERS 

In conventional long distance repeatered transmission systems, regenerative repeaters are 
installed at intervals of several tens of kilometers. EDFAs are now being used instead of 
regenerative repeaters because of their low noise and high gain performance, simple configuration, 
elimination of fast electrical circuits and so on. 

In addition, optical amplifiers can simultaneously amplify multiple lights with different 
wavelengths as shown in Fig. 2.12. This common amplification [11,12] matches wavelength division 
multiplex (WDM) transmission well. 


amplified output signal 



Figure 2.12 Amplification of WDM signal 

If conventional regenerative repeaters were applied to WDM transmission, the number of 
regenerative repeater circuits in each repeater would have to equal the channel number. 
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Wavelength de-multiplexers and multiplexers would be needed just before and after each repeater 
to divide and combine the WDM signal channels. 

These drawbacks prevented submarine repeatered systems from using WDM transmission, 
because the space and the dissipation power permitted for each repeater circuit are severely limited 
in submarine repeaters. 

The common amplification characteristics of optical amplifiers make it possible for all WDM 
channels to be repeatered in one repeater circuit with no de/remultiplexing. 

Figure 2.13 shows the basic WDM transmission system featuring EDFAs as repeaters. 

The performance of this WDM transmission system is limited by the following factors; 

(1) Accumulation of ASE noise generated in each amplifier 

(2) Pulse waveform distortion due to the dispersion of the optical fiber 

(3) Waveform distortion and noise generation due to the combination of nonlinearity and fiber 
dispersion 

(4) Interference from other WDM channels due to fiber non-linearity [13,14] 

Factors (l)-(3) are the same as the problems mentioned in the previous section. Factor (4) is 
unique to WDM transmission. Dispersion management [9] is also effective in dealing with this 
problem. 



Figure 2.13 Basic WDM transmission system featuring EDFAs 


In order to increase the transmission capacity of a submarine cable transmission system, the 
following three subjects have been investigated so far: 

(1) Increasing the WDM channel number in each fiber 

(2) Increasing the transmission speed of each WDM channel. 

(3) Increasing the number of fibers in each cable. 
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Widening and flattening the amplification band of the optical amplifiers and raising the WDM 
channel density are important themes for subject (1). The research and development of super high¬ 
speed transmission technology as well as super high-speed device technology is necessary for 
subject (2). 

Subject (3) is unique to submarine transmission systems. An investigation of the structure of 
submarine repeaters and submarine cables is needed for this subject. In a submarine cable 
repeatered transmission system, submarine repeaters must be fed from the landing stations. High 
voltage electrical power is sent along a power line that is parallel to the fiber in the submarine 
cable. It is necessary to suppress the power consumption of the submarine repeaters more than 
terrestrial repeaters to keep the feeding voltage as low as possible. Therefore, it is necessary to 
improve EDFA efficiency. 

These themes to be investigated are summarized in Fig. 2.14. 


T ransmitter/Receiver 



Figure 2.14 Subjects in submarine transmission system 

2.1.4 OPTICAL DEVICE TECHNOLOGIES 

To realize a WDM transmission system that uses EDFAs, various electrical and optical devices 
forming the equipment in the system must be developed. [15] 

Among the many devices, the key optical components are shown in Fig. 2.15. 



















































32 Optical Submarine Cable Systems 



Figure 2.15 Key optical components in submarine transmission system 

(1) In the transmitter; 

A semiconductor light source that offers stable single wavelength oscillation is necessary. A 
modulator having super high speed and chirpless operation [16] is also needed. The multiplexer 
combines WDM channels and launches them into the fiber. It must be small in size and offer high 
stability while minimizing the interference between adjacent channels. The array waveguide grating 
(AWG) type [17] multiplexer featuring planar lightwave circuits (PLC) technology [18] satisfies 
these demands. 

(2) The transmission fiber [19]; 

The transmission fiber must have the feature of controlled dispersion as well as low loss. In 
addition, it must be suitable for mass manufacturing. 

(3) The EDFA as the linear repeater [20]; 

The erbium doped fiber must have low noise, high gain and high efficiency. The semiconductor 
laser pump light source oscillating in 0.98|im or 1.48pm must have long life under high power 
operation. The coupler mixing the pump and signal light, the optical isolator, and the optical filter 
[21] that removes unnecessary ASE light must be small and offer, low insertion loss and low 
dependency on the polarization state of signal light. 
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(4) The receiver; 

The demultiplexer divides WDM channels and launches each channel signal to a photo-diode. 
An AWG type device is also suitable as the demultiplexer. The photo-diodes converting the optical 
signal must offer super high-speed operation. 

2.2 SUBMARINE REPEATERED TRANSMISSION TECHNOLOGY 

In this section, several aspects of EDFA-based repeatered systems, categorized into repeater 
design considerations and system design considerations, will be overviewed. Issues on repeater 
design will be focused on pumping wavelength, loss allocation, pump redundancy, temperature 
dependence, automatic power control. Topics in system design considerations include general 
system nature, signal level diagram, ASE noise accumulation, chromatic dispersion, polarization 
effects, and gain equalization. 

2.2.1 REPEATER DESIGN CONSIDERATIONS 

Figure 2.16 shows a schematic diagram of a typical configuration of an EDFA used for 
submarine applications. In this case, the EDF is backward pumped, although basically EDFAs can 
be pumped in either direction or both. At least one optical isolator is necessary to avoid oscillation 
of the EDFA. To monitor the operating condition of the repeater, monitor couplers are often placed 
at the input and/or the output of the repeater. In some cases, optical filters are used, to control the 
gain shape or the noise bandwidth. The EDF is typically a few tens of m long. In the following 
sections, critical issues on repeater design, such as pumping wavelength, loss allocation inside the 
repeater, pump redundancy scheme, temperature dependence and automatic gain control (AGC) 
function, are discussed. 


wavelength 

monitor optical erbium-doped division optical optical monitor 

coupler isolator fiber multiplexer isolator filter coupler 



pump light source 


Figure 2.16 Schematic diagram of typical configuration of an EDFA in submarine repeaters 
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(1) Pumping wavelength 

As was mentioned before, erbium ions have many absorption bands. The most reliable pump 
LDs are available in the 1480nm band. Although the noise figure is not the best in this pump band 
[22], the 1480nm-pump was the only choice for the first generation system. The best noise figure 
and efficiency can be obtained with the 980nm pump-band [22]; however, undersea-qualified 
highly-reliable high-power 980nm LDs did not become available until 1999 [23]. Both pumping 
wavelengths can be used not only for C-band EDFAs but also for L-band EDFAs. The required LD 
current for the 980nm LD is less than half of that needed for the 1480nm, but the inherent quantum 
efficiency due to the wavelength difference between the 1480nm and 980nm should also be 
considered to evaluate overall efficiency. Pump wavelengths shorter than 980nm are not preferable 
not only because of poor amplification quality due to the excited state absorption [22] but also 
because of the difficulty in making suitable WDM couplers; it is hard to maintain stable single¬ 
mode operation at all the relevant wavelengths since the wavelength difference between the signal 
and pump is very large. Comparing the 980nm and 1480nm pumps, absorption of EDF is much 
larger for 980nm, and therefore the required EDF length is much shorter in the 980nm pump, which 
is desirable in that it reduces the polarization-mode-dispersion (PMD) and chromatic dispersion in 
EDFA . The width of the absorption band around the 980nm is quite small and therefore the 980nm 
pump light source should equip a sort of wavelength stabilization mechanism: typically a narrow- 
band fiber Bragg grating fabricated on the pig-tail fiber of the pump LD module. 

(2) Loss allocation [24] 

Low insertion loss for all the optical components used in EDFAs is essential to save overall 
power consumption, to enhance repeater reliability and to improve noise performance. While the 
insertion loss of each component is determined independently, the effective loss allocation to the 
overall system depends on the repeater configuration. Therefore, the allocation of the losses is 
another important factor. As an example, compare the case in which all the losses are located 
before an EDFA with the case in which all the losses occur after the EDFA. In the linear regime, the 
ASE noise power of the first configuration is evidently larger than that of the second, although the 
output signal power is the same in both configurations. Therefore, the second configuration is 
better than the first. In the saturation regime, the available output signal power of the first 
configuration would be higher than that of the second. In this regime, the output power is 
proportional to the pump power fed into the EDF. Therefore, when the available pump power is 
limited, the first configuration is preferable. Recalling that the pumping direction affects the noise 
figure (forward is better than backward in general) and output power (backward is better than 
forward in general), the consideration of loss allocation also affects the choice of the pumping 
direction. For example, when the noise figure difference between forward and backward pumping 
is smaller than the insertion loss of the WDM coupler, then a backward pumping configuration is 
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preferable to obtain a better SNR. Note that the insertion loss of the WDM depends on the pump 
wavelength, especially for the fiber coupler; the insertion loss of a 980nm/1550nm fiber coupler is 
negligible as opposed to that of a 1480nm/1550nm fiber coupler. Hence, the configuration of the 
optical components should be tailored to the application of interest. Based on the above, the basic 
configuration of the first generation EDFA-based optical repeater became a backward pumped 
EDFA with only one optical isolator after the WDM coupler. 

(3) Pump redundancy 

Although the reliability of pump LDs is quite high (failure rate is only in the order of tens of 
FITs), we must conceive the event of pump failures during the 25-year design system life. Failures 
of pump LDs turn EDFs into optical attenuators, which causes significant signal level reduction and 
optical SNR degradation. A simplistic solution to avoid such a situation would be to use many 
pump LDs for insurance; however, this is, of course, unacceptable because of the cost and space 
limitation. Figure 2.17 shows the practical solution to gain pump redundancy by keeping the 
number of pump LDs minimum; two pump LDs are coupled with a 3dB coupler so that probability 
of no pumping can be much reduced. In this scheme, the additional component is only a plain 3dB 
coupler, but all the pump power can be fully utilized without using any sophisticated control 
circuitry. The scheme of Fig. 2.17 (b) was used in the first generation system and is still being used 
even in the latest systems. 
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Figure 2.17 Pump redundancy scheme 

(a) bidirectionally pumping single EDFA, (b) simultaneously pumping up-link EDFA and down-link EDFA 

(4) Temperature dependence 

One of the critical concerns for submarine applications is the temperature dependent gain. 
Figure 2.18 shows the temperature dependent gain of an EDF [25]. The temperature dependence 
was found to be very small, from 0 to 40 degree Celsius, which is the typical temperature range of 
interest for submarine system applications. On a small scale, the gain shape slightly depends on 
temperature, and, therefore, the gain equalizer is designed for the gain shape at the sea bed 
temperature. The temperature dependence of EDFA gain shape is small in the red-band of C-band, 
which is the only one to have been used so far, compared with the blue-band of C-band and L-band, 
which are considered as future options for multi-terabit system applications. 
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(5) Automatic power control] [24] 


In the saturation regime, the output power of an EDFA does not change significantly with 
variations of input signal power, assuming constant pump power. This attribute provides a 
somewhat automatic-gain-control (AGC) function. However, in some applications, EDFAs may 
have to be actively controlled to obtain the desired stable output power even in the saturated 
regime. There are many schemes to obtain AGC functions including the following example, 
illustrated in Figure 2.19. 
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Figure 2.19 Schematic diagram of the EDFA with AGC function 
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A low frequency sinusoidal wave (called a "pilot tone"') is superimposed on the envelope of the 
optical data stream. The ripple ratio of the pilot tone should be small enough (e.g. a few % ) so as 
not to degrade the bit error rate (BER) performance. A fraction of the output light of the EDFA is 
detected, and the pilot tone frequency component inherent in the signal light is extracted with an 
electronic bandpass filter. Figure 2.20 shows the effectiveness of this "pilot detection method". The 
gain estimated through the detected pilot tone, depicted as an open rectangle, agrees very well with 
the gain measured in the optical domain, depicted as an open circle, even under heavily saturated 
conditions. Therefore, by keeping the detected pilot tone level constant, stabilization of the average 
output power is obtained. A caveat to this scheme is the restraint on the pilot tone frequency owing 
to the gain dynamics of EDFAs for intensity modulation (IM) signals. Figure 2.21 illustrates the 
pilot tone frequency response of an EDFA. 
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Figure 2.20 EDFA out pump power estimation using pilot tone detection scheme 
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Figure 2.21 Intensity-modulated pilot tone frequency response in an EDFA 
(a) test condition (b) measured frequency response 


The signal source was directly-modulated DFB-LD oscillated at 1536nm. The EDFA under test 
was forward pump at 1465nm and was heavily saturated for large input signals as shown in Fig. 
2.21 (a). The response is decaying for frequencies less than around lOkFlz as the frequency 
decreases and is flat over frequencies of more than around 10kHz in both saturated and unsaturated 
conditions as shown in Fig. 2.21 (b). Therefore, the selection of the pilot tone frequency is very 
important in multi-repeater systems because if you set the pilot tone frequency too low, such as at 
1kHz, the pilot tone will attenuate at each EDFA-based repeater and the AGC circuit will be misled. 

Provided that we choose a pilot frequency at several MHz, we can employ this AGC scheme 
even in a system with a few hundred repeaters. The other intrinsic constraint is the gain dynamics 
for an IM pump, which delimits the total feedback response of the AGC. Hence, we should 
determine the appropriate feedback parameters of the AGC circuit in accordance with the gain 
dynamics, which has the characteristics of a monotonic low-pass filter (cutoff frequency = several 
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tens to a few hundred Hz). 

One important issue in implementing such AGC function in EDFAs is the polarization 
dependent loss of the monitor port of the power divider as in Fig. 2.22. Suppose that a considerable 
polarization sensitivity exists at the monitoring optical tap with a splitting ratio of R (0<;R<1, R for 
monitoring, (1-R) for transmitting). Then, when the state of polarization of the incoming signal 
varies, the output signal power in the transmission line changes by AP. This change leads to a - AP 
detected signal power change at the AGC and is interpreted as an output power change of - AP/R 
by the AGC circuit. Since the AGC tries to offset this change, the deviation of the output power in 
the transmission line will be enhanced. Figure 2.22 (a) shows the calculated AGC error due to the 
polarization sensitivity of the monitoring optical tap and the insertion loss of the optical tap as a 
function of the monitored power level: -10 log(R). It is clear that the effect of polarization 
sensitivity of the optical tap becomes significant as the monitored power level decreases, although 
the insertion loss can be improved. The slope of the AGC error curve corresponds to the stability 
against the change in splitting ratio of the optical tap. Therefore, R should be determined 
considering the trade-off between the AGC error, the insertion loss, and the stability. Figure 2.22 
(b) shows the calculated AGC error for R=0.1 as a function of polarization sensitivity of the optical 
tap. For R=0.1, in order to assure an AGC error of less than 0.5dB, the optical tap should have a 
polarization sensitivity of less than +/-0.5% (about +/-0.02dB), which is not difficult to attain with 
today’s technology. 

The speed of the power fluctuations is an important consideration for this problem because of 
the gain dynamics of EDFAs. If the fluctuations are slow (about hundred Hz), then the input power 
fluctuation appears in the output fluctuation and the AGC will offset these fluctuations or even the 
EDFA itself will suppress them when it is operated in the saturation regime. Otherwise, it would 
be difficult to avoid these signal power fluctuations. Reportedly, the fluctuations of this sort are 
slow (< several Hz) and small after installation, which is encouraging. However, the residual 
polarization sensitivities of the optical components should be reduced anyway in order to make the 
system robust. 
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Figure 2.22 AGC errors due to polarization sensitivity of the monitor port 
(a) AGC error as a function of the monitor level (polarization sensitivity of the monitor port: + /- 1.0, 0.5, 
0.1%) and (b) AGC error as function of the polarization sensitivity of the monitor port (relative monitor level: - 
lOdB) 

2.2.2 SYSTEM DESIGN CONSIDERATIONS 

Table 2.1 displays the general scope of the system design concept for optically amplified 
repeater systems by facilitating the comparison with that for conventional regenerative repeater 
systems [26]. 
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Table 2.1 System design concept comparison 

between regenerative repeater system and optical amplifier repeater system 


-^Ftepeater Type 
Design Issue 1 

Regenerative Repeater System 

Optical Amplifier Repeater System 

Fundamental 

Repeater Span Power Budget 

System SNR Budget 

Major Factors 
for Margin 

Allocation 

Repeater Output Power Variation 
Repeater Receiver Sensitivity Variation 
Cable Loss Variation 

Transmission Penalty 

Jitter 

Aging 

Terminal Transmitter Imperfection 
(Chirping, Signal Wavelength) 
Terminal Receiver Characteristics 
(Optical Filter, Electric Bandwidth) 
Transmission Penalty 
(Dispersion, Fiber Nonlinearity) 
Aging 

Repeater Spacing 

(Repeater Span Power Budget-Margin) 

(Cable loss) 

(Optical Amplifier Gain) / (Cable Loss) 
where (End-to-End SNR+Margin) 

-► Optical Amplifier Gain 


In the case of regenerative repeater systems, total system performance is dominated by the 
transmission performance of one repeater span. Therefore, the principal parameter for system 
design is the repeater span power budget to provide the necessary bit error rate performance for 
each repeater span. In this case, the repeater span power budget is defined as a ratio of the 
attainable maximum repeater output power to the acceptable minimum repeater receiver 
sensitivity. Then, the actual repeater spacing is given by (repeater span power budget - one-span 
margin)/(cable loss) where the one-span margin is derived from the repeater output power 
variation, repeater receiver sensitivity variation, jitter, cable loss variation, transmission penalty 
and aging. Note that the repeater spacing is basically independent of the total system length for 
regenerative repeater systems. On the other hand, in the case of optical amplifier repeater systems, 
the fundamental factor for total system performance is the system SNR budget providing the 
required end-to-end SNR of the system. The end-to-end SNR is hardly estimated from the single¬ 
span transmission performance because of the accumulation of signal distortion along the system. 
This accumulated distortion is caused by several aspects of the system characteristics, such as signal 
power, amplifier noise, fiber chromatic dispersion and nonlinear effects [27]-[29]. The main factors 
determining the system margins are terminal transmitter characteristics, terminal receiver 
characteristics, transmission penalty and aging. The optical repeater gain is determined by 
allocating the amplifier noise and signal power over the entire system based on the required end-to- 
end SNR and the system margin. Then, the repeater spacing is finally given by (optical repeater 
gain)/(cable loss). Therefore, the repeater spacing heavily depends on the total system length since 
the required end-to-end SNR and the system margin change with the total system length. This 
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complexity for optical amplifier repeater systems is the price required for elimination of the 3R 
functions (reshaping, retiming and regeneration) in the repeaters. 

Figure 2.23 summarizes the technical features of optically amplified multi-repeater systems for 
various system lengths and bit rates. 
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Figure 2.23 Technical features of optically amplified multi-repeater systems 


The repeater spacing changes not only with the bit rate but also with the total system length. 
Note that as the system length increases, the impact of limiting factors increases, such as optical 
SNR degradation due to ASE noise accumulation and signal deform due to accumulated dispersion, 
fiber nonlinearity, such as self-phase modulation, (SPM), and PMD. This tendency indicates the 
increasing difficulties for designing several-thousand km systems with higher channel bit rates. 
EDFA-based multi-repeater systems can easily support WDM transmission by using the potentially 
wide gain wavelength window of EDFAs. WDM transmission capability is attractive not only in 
that it increases the system capacity without resorting to ultra-high-speed electronics but also in 
that it facilitates multi-destination optical transmission networks without using multi-pair fibers. 
In WDM systems, there are several specific issues which limit the transmission distance and total 
system capacity, such as the management of overall system gain flatness and the dispersion slope of 
the transmission fiber, the mitigation of waveform degradation due to four-wave-mixing (FWM) 
and cross-phase modulation (XPM) between the WDM channels. 

In the following sections, key design issues for optically amplified multi-repeater systems will 
be discussed in detail. The major factors for system design are the signal level diagram, gain and 
ASE noise characteristics of the repeaters, system chromatic dispersion and polarization-dependent 
characteristics of the system. The signal level diagram, the repeater gain and noise characteristics 
and the fiber chromatic dispersion characteristics determine the obtainable end-to-end SNR and the 
generated signal distortion due to the linear (that is chromatic dispersion) and nonlinear effects of 
the transmission fiber. The polarization-dependent characteristics of each repeater span may cause 
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bit-error-rate fading in multi-repeater transmission systems since the state of polarization of the 
signal light in the transmission fiber changes. These factors are discussed in more detail in the 
following sections. 


(1) Signal level diagram 

The chief issue regarding the signal level diagram is the repeater output signal power since a 
higher signal-level is preferable to obtain higher end-to-end SNR against the ASE noise 
accumulated along the concatenation of optical amplifiers. The maximum repeater output power is 
limited because of the nonlinear effects of the transmission fiber. The first limit is imposed by the 
effect of stimulated Brillouin scattering (SBS) since the optical power fed into the fiber beyond the 
SBS threshold is reflected and thereby the transmitted optical signals become quite unstable [30]. 
For intensity-modulated signals with a low-chirp external modulator, the maximum transmittable 
per channel signal power is limited to several dBm. When the system length reaches a km level in 
the thousands, the waveform of the transmitted signal pulse degrades significantly due to the 
effects of FWM between the signal and the ASE noise light and the SPM/XPM associated with fiber 
chromatic dispersion [27]-[29]. In this case, the maximum repeater output signal power per channel 
reduces to a few dBm or sometimes less than OdBm. 

Another important design issue concering the signal level diagram is the operating condition of 
the EDFAs in the repeaters. Figure 2.24 shows the gain characteristics of EDFA as a function of the 
input power. When the EDFA is used in saturation under nominal operating conditions, the gain 
increases by nature in the event of input power reduction. In fact, this inherent "semi-AGC 
function" is quite useful in multi-repeater applications. 



Input power [dBm] 

Figure 2.24 Gain compression of EDFA 
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Figure 2.25 shows the natural signal level recovery process against the span-loss increase in a 
multi-repeater system (self-regulation characteristic). Owing to the above-mentioned nature of 
gain-saturated-EDFAs, even in the event of a lOdB span-loss increase in the middle of the system, 
which would be fatal to conventional regenerative systems, the signal level can revert to the 
nominal level after only a few repeaters with a slight degradation of optical SNR; the optical noise 
generates excessively only at these gain-increased EDFAs. Therefore, the depth of saturation of the 
EDFA-based repeaters is an important system parameter to achieve a stable signal level diagram. 

^ Failure) 

loss increase 
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nominal signal level V/ /- ^ signal level in case of failure 

Figure 2.25 Self-regulation mechanism of a chain of EDFAs 


(2) ASE noise accumulation 

The accumulated ASE noise as shown in Fig. 2.26 limits the SNR of the detected optical signals 
with signal-ASE beat noise and ASE-ASE beat noise generated at the receiver [36]. Since the 
maximum signal level is limited by constraints due to fiber nonlinear effects, this SNR degradation 
should be minimized by reducing ASE noise generation (see Fig. 2.27). ASE noise can be 
suppressed by improving the noise figure of the repeaters and reducing the repeater spacing [24]. 
Note that the gain in linear scale increases exponentially while the number of repeaters decreases 
linearly as the repeater spacing increases linearly (see Fig. 2.27). 
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Figure 2.26 ASE noise accumulation in a chain of EDF As 


When the total accumulated ASE noise power is no longer negligible compared with the signal 
power, the signal power reduction due to the total ASE noise power aggravates the SNR 
degradation (see the inset of Fig. 2.26). This would be significant when the total repeater output 
power is designed to be almost constant. One way to avoid this SNR degradation is by keeping the 
signal power constant at the output of the repeater by using the automatic-gain-control (AGC) 
function. In this approach, note that the required maximum pump power may increase to some 
extent. 

Another way is by limiting the ASE noise bandwidth by using optical bandpass filters (OBPFs) 
in the repeaters so that the total ASE noise power can be suppressed. In fact, the ASE noise 
spectrum becomes sharper as the optical amplifiers are concatenated because of the self-filtering 
nature of EDFAs as shown in Fig. 2.27, which was obtained from a 33km-spacing 4500km 
transmission experiment [24] [32]. In a similar system, the ASE noise bandwidth is calculated to be 
a few nm full-width half-maximum (FWHM) after 9000km transmission [30]. Therefore, when the 
number of repeaters are large, such as more than a few tens, we may remove the OBPFs in single¬ 
wavelength system applications. When this self-filtering technique is applied, note that it is of 
great importance to match the signal wavelength to the peak wavelength of the accumulated ASE 
spectrum, so that the best end-to-end SNR is obtained. The gain peak depends on the span-loss and 
the EDF length and fundamentally does not depend on the level diagram. For WDM applications, 
the self-filtering effect reduces the usable signal bandwidth, and therefore should be suppressed by 
inserting an optical filter called a "gain-equalizing filter", the spectral shape of which is the opposite 
of the gain shape, into the repeaters. 
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Figure 2.27 Self-filtering effect in a chain of EDFAs 
(a) 1st repeater (b) 128th repeater 


Figure 2.28 depicts the schematic diagram and the obtainable optical SNR of the WDM systems, 
where Pout is the repeater output signal power, P ASE is the noise power at the repeater output per 
the bandwidth of the channel selecting filter, Bo, Namp is the number of repeaters, and n is the 
number of WDM channels. 

For example, assuming 10000km system length with 50km repeater spacing, lOdB span loss, 
15dBm repeater output power, 5dB repeater noise figure and 10.7Gbit/s x 100WDM transmission, 
the obtainable optical SNR comes out as about 14.5dB/0.1nm, which provides an ideal Q-factor of 
around 15.6dB or a bit error rate of le-9. 



Rase (Bo) * Namp • n 

Figure 2.28 Optical SNR in multi-repeater WDM systems 


(3) Chromatic dispersion 

As in the design for conventional optical transmission systems, chromatic dispersion should be 
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small to minimize signal distortion. In the case of transoceanic optically amplified systems, 
however, if the zero-dispersion-wavelength of the constituent fibers is in the region of that of the 
signal wavelength, the signal spectrum broadens through the transmission because of the fiber 
nonlinear effects [30], even for CW light (Fig. 2.29). 


~ 4500km single-channel optically amplified transmission system -► 





Figure 2.29 Spectrum broadening in 4500km optically-amplified system with quasi- homogeneous zero 
dispersion map due to FWM between the signal light and accumulated ASE noise 

The situation exacerbates with modulated signals and therefore non-zero dispersion is required 
for constituent fibers to alleviate the impact of fiber nonlinearity while the accumulated dispersion 
should be kept small for the system as was shown in Fig. 2.30. To solve this dilemma, the use of 
"sawtooth" type arrangements of the dispersion characteristics of the transmission fiber as shown in 
Fig. 2.30 was proposed [27]-[29]. The depth and frequency of this pattern are important factors in 
achieving good transmission performance. With such a dispersion arrangement, the distortion due 
to both accumulated dispersion and fiber nonlinearity can be reduced. This reduction of nonlinear 
effects results in the rise of the maximum repeater output power. The significance of this issue 
increases as the system length reaches a km level in the thousands km and/or the bit rate becomes 
higher than several Gbit/s since, for these applications, the fiber nonlinearity dominates 
transmission performance degradations but the higher signal level diagram is desirable to achieve 
the required end-to-end SNR. 
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Figure 2.30 Dispersion map for optically amplified long-distance system 

(4) Polarization effects 

A bit-error-rate fading due to signal polarization change was reported in the 4500km 
transmission experiment [33]. Such fading can be caused partly by the PMD of each repeater span. 
The PMD results in the fading of optical pulse shape deformity [34]. The PMD of each repeater 
span originates in the PMD of the transmission fiber and that of the repeater components, such as 
optical isolators and EDFs. The PMD of each repeater component developed for multi-repeater 
systems is now designed and controlled to be at least smaller than O.lps. Therefore, the average 
system PMD for 9000km systems due to repeater PMD is estimated to be less than a few ps. The 
PMD of the transmission fiber is also small. Assuming the average fiber PMD of 0.1 ps/V km , the 
average system PMD for a 9000km system is about lOps. These two values are small for the bit time 
slot for multi-gigabit systems. However, since the state of polarization along the system can be 
changed easily by a small perturbation to the fiber, the effect of PMD would be changeable. 
Therefore, to estimate the effect of the system PMD on the transmission performance, statistical 
treatments of the one-span PMD are required. 

The bit-error-rate fading associated with the signal polarization change can also be caused by 
polarization-sensitivity of repeater output signal power. The polarization-sensitivity of repeater 
output signal power results in the fading of optical SNR of the transmitted signals [33]. This 
polarization-sensitivity of repeater output signal power originates in the polarization-dependent 
loss (PDL) of the repeater components placed on the signal path after the EDF. Again, the 
assessment of PDL effects requires statistical treatment. Note that, in practice, even the repeaters 
incorporating AGC function cannot be immune from this effect since the residual PDL of the 
monitor tap is magnified by the AGC loop gain and transformed into the PDL of the signal path 
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through the AGC function. 

Another important source for the bit-error-rate fading in optically amplified systems is the 
polarization hole-burning effect of EDFAs [22]. This phenomenon causes the serious optical SNR 
variation since the amount of generated noise changes with the signal polarization. This can be 
suppressed by scrambling the signal polarization at a speed higher than the inverse of the lifetime 
of excited EDFAs. The typical scrambling speed is around 50kHz or higher. The polarization 
scrambling scheme has been applied to almost all the transoceanic optically amplified systems 
deployed so far. 

(5) Gain equalization 

As was discussed in the previous section, because of self-filtering effect, the available signal 
bandwidth is not so wide in nature in EDFA-based repeatered systems. To obtain sufficiently-wide 
bandwidth for WDM transmission, we usually insert optical filters of shape which is almost 
opposite to the natural gain shape of the transmission line at a certain intervals in the system, as 
shown in Fig. 2.31. This simple methodology works well; for example, reportedly, the gain shape 
can be kept quite flat even after 18000km transmission, as in Fig. 2.32 [35]. A key issue in gain- 
equalization-filter is to consider the wavelength-dependent loss of the transmission fiber and 
signal-level-tilt due to Raman effect between WDM signals [15]. Note that the latter effect is power 
dependent and thus the shape of the gain-equalization-filter may become signal-power-dependent. 
Technologies suitable for gain-equalization-filters are fiber grating, cascading harmonic filters (ie 
Fabry-Prerot (FP) filters or Mach-Zehnder (MZ) filters), and interference filters. 



Figure 2.31 Concept of gain equalization in WDM systems 
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12276km 



6138km 



Figure 2.32 Signal spectrum with gain equalizer after transmission 


Considering the inherently peaky gain shape of EDFAs, the wider the equalized flat bandwidth 
we desire, the larger the amount of power we should throw away. Therefore, larger bandwidth 
EDFAs require more excess pump power, which will throw up severe power consumption and 
reliability problems for practical submarine applications. Note that when a system is in the 
condition where the signal-level-tilt due to the Raman effect can be ignored (i.e. repeater output 
power is low or the signal bandwidth is small), the overall gain shape does not change with the 
signal level as far as the repeater gain (i.e. span loss) is kept constant. With the loss of the 
transmission fiber and repeater components may becoming off-centered from the design center due 
to manufacturing imperfections or aging, the gain shape of the system becomes tilted. To cancel 
this, it is beneficial to have active gain-slope equalizers in the system [37]-[39]. Insertion of such 
equalizers at about every 1000km was demonstrated to be sufficient for 10000km systems [39]. 

2.3 SUBMARINE REPEATERLESS TRANSMISSION TECHNOLOGY 


For distances of up to several hundred kilometers, A submarine transmission can be realized 
without using submarine repeaters. Submarine repeaterless transmission systems are very 
economical because no submarine repeater is needed. The power feeding equipment for the 
submarine repeaters is also unnecessary as well as the metal wire for electrical power feeding in the 
submarine optical fiber cable. In addition, the submarine transmission has much higher reliability 
since no electrical circuits are installed on the seabed. 


Without repeaters, the decrease in the signal level due to the loss of the optical fiber causes 
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symbolic error and limits the transmission distance. Therefore, strong sending power and highly 
sensitive receivers [40, 41] are necessary as well as low loss submarine cable if the transmission 
length is to be increased. Strong optical signals are possible if EDFAs are used as optical boosters. 
Highly sensitive optical receivers can also be realized by using EDFAs as optical pre-amplifiers. 
However, fiber non-linearity limits the optical output power of the booster. The sensitivity of the 
receiver can not exceed the quantum limit. Thus, the maximum transmission distance of 
repeaterless system is around 400-500 km. 

2.3.1 CLASSIFICATION OF REPEATERLESS SYSTEMS 

The basic configurations of unrepeatered optical submarine transmission systems are described 
below and shown in Fig. 2.33. 

(1) Basic type: Basic configuration [42] used before the appearance of the EDFA. 

(2) Optical pre-amplifier type: The EDFA is added just before the receiver of type (1) as an optical 
pre-amplifier to achieve higher sensitivity 

(3) Optical pre/post-amplifier type: The EDFA is added just after the transmitter of the type (2) as 
an optical booster to achieve higher sending signal power [43]. 

(4) Remotely pumped optical pre-amplifier type [44]: A piece of erbium doped fiber (EDF) is put in 
the transmission fiber of the submarine cable at some point several tens of kilometers from the 
receiver. This EDF is remotely pumped by 1.48|nm light that is fed using the transmission fiber from 
the light source installed in the land station. The pumped EDF recovers the attenuated signal power 
level during transmission so that the SNR of the signal is high enough to ensure error free 
transmission. 

Although strictly speaking, this configuration features optically powered repeaters, it is classified 
as repeaterless system in the sense that no electrically active device is part of the submarine section. 
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(1) Basic Type 


(2) Opt. Pre-Amp. 


Transmitter 

Fiber Cable 

Receiver 

(E/O) 


(O/E) 



P re-Amp 


Transmitter 


> 

Receiver 

(E/O) 


(O/E) 



(3) Opt. Post/Pre-Amp. 


(4) Remotely Pumped 
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Figure 2.33 Configurations of submarine repeaterless transmission system 
including remotely pumped amplifier system 

In addition to the EDF gain, Raman gain is generated in the transmission fiber section from the 
EDF to the receiver, because 1.48pm is also a pump wavelength that yields Raman amplification in 
the 1.55pm band. This arrangement is also useful for increasing the transmission distance because it 
equivalently offsets the fiber span loss near the receiver. 

(5) Remotely pumped optical pre/post-amplifier type: the type (4) configuration is extended by 
adding a piece of erbium doped fiber (EDF) to the transmission fiber of the submarine cable at some 
point several tens of kilometers from the transmitter. The fiber is pumped by a light source in the 
transmitting terminal. The pumped EDF offsets the signal power level attenuation during 
transmission to some extent. This configuration yields a signal level diagram equivalently 
increasing the signal power launched into the fiber from the transmitter, while minimizing the 
negative impact of the high power, i.e. the degradation in transmission performance caused by fiber 
non-linearity. 


Similar to type (4), Raman gain is generated in the transmission fiber close to the transmitter. 
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and also increases the transmission distance because it equivalently offsets the loss of the fiber span 
near the transmitter. 

In addition, there is another remotely pumped EDFA configuration that uses an independent 
fiber to transfer the pump light to the EDF. This type creates no Raman gain. 



Figure 2.34 Transmission limits 


Figure 2.34 shows an example of the relationship between the transmission speed and the 
transmission distance of repeaterless systems types (l)-(3). 

The loss limit in the figure indicates the received signal power necessary for achieving a 
constant error rate proportional to the transmission speed. That is the transmission distance 
decreases when the transmission speed increases. There is no loss limit for configurations that use 
EDFAs. These types, however, experience a noise limit due to the ASE accumulation with the 
EDFAs. 

The dispersion limit in the figure is caused by the waveform broadening due to the fiber 
chromatic dispersion which makes adjacent pulses interfere each with other. The transmission 
distance decreases rapidly as the transmission speed increases. 

When the signal speed is several Gbit/s and the fiber has a typical dispersion value and low loss 
characteristics, transmission distances of 400km are possible because the loss limit dominates the 
dispersion limit. 

At transmission speeds over lOGbit/s, however, the dispersion limit becomes dominant and 
restricts the transmission distance severely if the dispersion value is not small. Therefore, the ideal 
fiber is one that offers both the minimum loss and minimum dispersion at the signal wavelength. In 
the case of the commonly used standard single mode fiber, the wavelength that minimizes the 
dispersion usually does not coincide with the wavelength at which the loss is a minimum. In 
general, optical fiber shows minimum loss in the 1.5pm wavelength band because of the material s 





Technological Trends 55 


characteristics. On the other hand, the chromatic dispersion of standard single mode fiber is 
minimized in the 1.3pm band. 

To solve the above mentioned problem, dispersion shifted fiber (DSF) was developed. The 
dispersion of DSF is minimum in the 1.5pm band due to the fiber's distinctive refractive index 
profile. However, the loss is increased slightly by the doping needed to change the refractive index 
distribution. 

One type of fiber has a core of pure silica (no dopant) and so offers ultra low loss characteristics 
near the theoretical limit in the 1.5pm band. This fiber is called pure silica core fiber. The 
dispersion value is of course not minimum in the 1.5pm band in this fiber. 

The main features of these fibers are summarized in Table 2.2. 


Table 2.2 Fibers used in submarine repeaterless transmission system 



Single Mode Fiber 

Dispersion Shifted Fiber 

Pure Silica Core Fiber 

Loss 

-0.22 dB 

-0.22 dB 

—0.19dB 

Zero Dispersion Wavelength 

~1.3 m m 

—1.5 p m 

—1.3 p m 

Core Dopant 

Germanium, etc. 

Germanium, etc. 

without Dopant 


The usual approach to designing a submarine repeaterless transmission system is to select the 
signal light wavelength of the 1.5pm band to minimize the fiber loss and to use dispersion shifted 
fiber to suppress the chromatic dispersion. 

If the transmission distance is close to 500km, the use of pure silica core fiber may be 
indispensable. In this case, a relatively low transmission speed (around several Gbit/s) may be 
needed to avoid the dispersion limit. Long transmission distance is obtained at the expense of 
transmission speed. 



Figure 2.35 Raman gain 
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Ultra long distance transmission is best realized through the use of Raman gain. Figure 2.35 
shows the relation between the pump light power and Raman gain. A gain of about lOdB is 
obtained with pump powers of several hundred mW in dispersion shifted fiber with germanium 
dopant. In a pure silica core fiber, the Raman gain is relatively small, as is the loss. The appropriate 
type of fiber should be selected according to the case, considering the effect of dispersion. 

The relation between distance and bit rate shown in Fig. 2.34 is discussed assuming that the 
transmitting signal power is constant. This condition corresponds to types (1) and (2) in Fig. 2.33. 

When the transmission distance must be increased, increasing the transmission signal power is 
one solution. 

If a EDFA is used as an optical booster, the sending of optical signal powers above 20dBm 
(lOOmW) is possible. This is the type (3) configuration of Fig. 2.33. However, the strong light 
induces Brillouin scattering in the optical fiber. When Brillouin scattering occurs, most of the signal 
power launched into the fiber is converted into backscattered light which returns to the input side. 
In this case, the power of the signal light propagating forward does not increase. No significant 
increase in transmitted power can be expected. 


Assuming that the pump light has a Lorentzian spectral profile, the gain coefficient of Brillouin 
scattering g B is calculated by [45]; 


Av B 

ge ~ A v B +Av p gBP 


( 2 . 12 ) 


where Av p , Av B/ and g BP are the optical frequency bandwidth of the pump light, the Brillouin gain 
bandwidth, and the peak gain coefficient of Brillouin scattering, respectively. For silica fiber, Av B is 
about 100MHz at the pump wavelength of 1.55pm. 

A signal with narrow bandwidth and strong power leads to strong Brillouin scattering. [46] 



Figure 2.36 Reflected power due to Brillouin scattering 
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Figure 2.36 shows the relation between fiber input power and backscattered power. In the case 
of un-modulated continuous wave light, the backscattered light power suddenly spikes at input 
powers of about 6-7dBm because the linewidth of the continuous wave is very narrow. In general, 
the linewidth of a typical optical signal is larger than that of a continuous wave, because the signal 
is obtained by modulating a continuous wave. The backscattered light power spikes at about 7- 
8dBm of input optical signal power. This shows that the effect of signal modulation is, by itself, not 
sufficient and that the merit of increasing transmission power is not demonstrated. 

Applying frequency modulation (FM) is an effective way of broadening the linewidth of the 
signal. The backscattered light power does not spike for the signal with FM as shown in Fig. 2.36. 
Using this technique, most of the transmission power propagates in the forward direction even if 
the signal power exceeds 20dBm. 

If the transmission distance using the above-mentioned techniques is less than the required 
distance, adding a remotely pumped EDFA is one way to increase the distance. Such configurations 
are shown in (4) and (5) of Fig. 2.33. 



Figure 2.37 Transmission line featuring remotely pumped EDFA [40] 


Figure 2.37 shows the experimental setup and signal level diagram of the first transmission 
experiment featuring a remotely pumped EDFA with optical power feeding. [40] 

In this configuration, the signal light of 1.55pm is launched into the transmission fiber together 
with a pump light of 1.48pm to generate Raman gain. As the receiving side, a pump light of 1.48pm 
is sent to the EDF inserted into the transmission fiber some 30km from the receiving end. The pump 
light of 1.48pm induces Raman gain in the fiber between the EDF and the receiver, as well as 
pumping the EDF. 
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The signal light experiences a Raman gain of several dB in the fiber near the sending side, a gain 
of 13dB at the remotely pumped EDF, and a Raman gain of 5.5dB in the fiber near the receiving 
side. The total gain of more than 20dB yields a transmission length of about 300km. 

Figure 2.38 shows the SNR improvement as a function of remotely pumped EDF position. In this 
example, the EDF position giving the largest improvement in SNR is about 50km from the receiving 
end. This distance depends on the loss of the transmission fiber, the pump light power and so on. 
Increasing the pump light power gives a larger improvement in SNR and a longer transmission 
distance. However, the available pump power is limited by the reliability of the pump light source. 



Figure 2.38 SNR improvement by using remotely pumped EDFA 

When the required transmission distance cannot be achieved by increasing the transmitting 
signal level with an EDFA and/or by improving the receiver sensitivity also by using an EDFA, a 
remotely pumped EDFA is introduced to recover the signal power. In designing a system that 
features remotely pumped EDFAs, it is important to optimize EDF positions under the limitation of 
available pump power, as well as EDF parameters. 

2.3.2 WDM APPLICATIONS 

In WDM applications, the basic scheme is the same as in single channel applications, although 
the signals suffer from additional nonlinear effects: FWM, XPM and Raman crosstalk. Figure 2.39 
shows the in-band signal level tilt due to Raman effects; energy transfer from shorter wavelengths 
to longer wavelengths. 
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Figure 2.39 Raman crosstalk in WDM systems 


This tilt becomes larger as the overall signal bandwidth becomes wider and the signal power 
becomes stronger, which means in general that this issue is becoming more significant for larger 
aggregate capacity WDM systems. This energy transfer is basically unavoidable unless we reduce 
the nonlinear effect itself, and causes time-average optical SNR degradations on short wavelengths 
in the WDM signal band. In addition, this interaction occurs bit-by-bit between WDM channels, 
and then results in sever channel crosstalk. Fortunately, this temporal crosstalk can be effectively 
mitigated by using a proper dispersion map to average out such effects over many relevant bits, 
exactly as in the case of XPM and FWM mitigation [47]. Note that the spectral broadening due to 
XPM alleviates the input power limitation due to SBS [48]. 
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CHAPTER 3 


SYSTEM DESIGN AND IMPLEMENTATION 


This chapter describes the implementation of submarine cable systems using optical amplifier 
technologies. First the optical amplifier submarine cable system architectures are reviewed to 
understand the actual system configuration and the elements required for the system 
implementation. Next the system design method to implement the submerged optical amplifier 
repeater system as well as the unrepeatered system using optical amplifier technology is given 
together with the design examples of domestic submarine systems used in Japan and long-haul 
systems used in the transoceanic networks. In the rest of this chapter, details of the elements 
required to implement the optical amplifier submarine cable systems are given. 

3.1 SUBMARINE CABLE SYSTEMS 

3.1.1 NETWORK ARCHITECTURE 

The submarine cable system previously functioned as the point-to-point transmission medium 
for connecting few landing stations at the different continents. As fiber optic networks have been 
deployed in the past 10 years in terrestrial cable communication systems together with the 
introduction of an international standardized digital hierarchy, the submarine cable systems have 
been changed to interconnect the terrestrial networks through the multitude of landing stations. In 
addition, the network restoration within submarine cable systems became more important due to 
the increase of submarine cable capacity which cannot be restored by the capacity of the satellite 
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link and conforms to the requirement of fast restoration. 

The recent submarine cable network architectures are optimized by network planners as various 
forms in accordance with the diverse conditions and requirement such as traffic patterns, 
connectivity, geography, availability, economics, suzerainty among countries, etc. In some cases, 
the networks contain the terrestrial crossing segments due to the physical or political reasons. 

The typical network topologies deployed in the past several years are ring, trunk-and-branch, 
festoon and mesh although individual networks vary significantly. The specific network may have 
the hybrid of these network topologies, logical ring networks in the trunk-and-branch physical 
topology, etc. To understand which topology is optimal in each requirement, the features of the 
submarine networks will be discussed addressing typical network architectures. 

(1) Ring network 

In terms of network protection, self-healing ring network architectures are widely deployed in 
current submarine cable systems. The multiple landing station nodes are connected by the 
submarine cable as a ring. Figure 3.1 shows the four node ring network configuration. In a cable, 
the protection capacity is reserved by allocating half of the fiber pairs for protection use. The 
working capacity is completely restored by routing the traffic in the reverse direction with the 
protection capacity though the self-healing fast restoration protocol. [1] Especially in the 
transoceanic submarine cable carrying large traffic between continents, this fast protection is 
strongly required. For the self-healing function, SDH/SONET ring protection was utilized. But the 
4-fiber bidirectional line-switching ring protocol used in the SONET ring may cause excessive delay 
due to triple transoceanic crossing protection routes. Thanks to the transoceanic ring protocol, a 
protection switching time of several hundred milliseconds is attained including the transmission 
delay for the transoceanic systems. This enables the elimination of the dropped call in the event of 
cable failure. This protocol was modified by implementing head-end switching at the switching 
node to eliminate such delays together with enabling the use of protection capacity on a pre¬ 
emptive basis. 



Figure 3.1 Ring network 
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In alternative protection, path-switching can be utilized in the ring network architecture. The 
Path-switch requires two different dedicated paths between the head-end and the tail-end in order 
to bridge the traffic to two paths at the head-end. In the event of a failure, the tail-end switch is 
only executed to protect the traffic. Accordingly, 50ms of fast protection switching time is 
achievable although the pre-emptive traffic is not available. 

The ring networks were first deployed in the TPC-5 and TAT-12/13 cable networks 1995.[2] 
One out of two fiber pairs in a cable were allocated for the protection. Hence half of the cable 
capacity is dedicated to protection use or used on a pre-emptive basis. In network planning, the 
system economy is also taken into account when adopting ring network architecture because the 
unit service capacity cost becomes higher due to the excessive capacity required compared to the 
service capacity. 

The ring network architecture can be logically formed in other network topology although some 
failures are constrained in the protection. For example, in the trunk-and-branch networks 
explained in the next paragraph, the collapsed ring can be configured by connecting the fiber pairs 
through network protection equipments as a loop as shown in Fig. 3.2. However, in this 
architecture, the cable cut in the trunk line cannot be protected whereas in the event of a failure in 
the branch link, the traffic in the trunk line is protected. But the traffic dropped or uploaded in the 
failed branch is not protected. To protect the traffic in the branch link, double branch topology can 
be implemented. Figure 3.3 shows the double branch arrangement using two branching units. 


Branching Unit Branching Unit 



Figure 3.2 Collapsed ring 
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Branching Unit Branching Unit 



Figure 3.3 Collapsed ring and redundant branching arrangement 


(2) Trunk-and-branch network 

In coastal submarine systems that sometimes link islands, trunk-and-branch networks are often 
deployed. Figure 3.4 shows the typical trunk-and-branch topology. To branch the capacity from 
the trunk line, fiber pair branching or color branching in the WDM system is utilized through the 
submersible branching unit. The branching system enables branching of partial capacity from the 
full cable capacity. This results in improving the system economy by saving the facility of capacity 
termination at landing stations connected to the trunk line through the branching unit. In terms of 
network survivability, it can be improved by adopting the collapsed ring network architecture as 
addressed in the previous paragraph. As another advantage, the branching unit with stub cable can 
be pre-installed for the non-initial parties whose landing station will be financed at a later stage as 
indicated in Fig. 3.4. 



Figure 3.4 Trunk and branch network 
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On the other hand, as the drawback of this architecture, the fiber pairs contained in the trunk 
line often come to have longer spans. This results in shortening the repeater spacing and increasing 
the system cost. To balance the network survivability to system cost, the length of the trunk line 
fiber pairs is optimized. 

(3) Festoon network 

Festoon networks are often deployed in coastal submarine systems. Festoon networks directly 
link landing stations by submarine cables. Figure 3.5 shows the festoon network topology. When 
the distance between landing stations is small, non-repeatered cable can be employed. In such 
systems, the system economy is much improved. Namely, the power feeding equipment is not 
required as well as less expensive submersible cables being used. For the system, however, the 
terminal equipment terminating the cable capacity may impact the system cost when the cable 
capacity is much increased. 



In terms of the aspect of network availability, this network architecture is very low on protection 
mechanisms because it has less connectivity. In the event of cable becoming cut or station failure, 
no internal protection route is available. In addition, in the shallow water section, the submersible 
cable is most vulnerable to the activity of fish and natural disasters. To preserve network 
survivability, the combination of the terrestrial links or the additional submersible segment will be 
required. 

(4) Mesh network 

The ring network architecture has excellent features in terms of network survivability whereas 
the over-build capacity for dedicated protection remains the problem in terms of cost effectiveness. 
To improve cost effectiveness, the network architecture to share the protection capacity has been 
recently developed. Namely by adding a segment across the ring as shown in Fig. 3.6, the capacity 
carried in such a segment is protected by the original ring network capacity. In another words, 1:N 
mesh protection is achieved. This network architecture improves the utilization of the protection 
capacity. This type of network architecture is deployed in the Atlantic Crossing cable networks 
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(AC-1 and AC-2).[3] 



Figure 3.6 Mesh network 

3.1.2 LINK SYSTEM CONFIGURATION 
(1) Domestic system/FSA-WDM system 

The increasing demand for larger capacity in international communications systems is pushing 
the investigations of long-haul wavelength-division multiplexing (WDM) transmission technologies 
with optical amplifiers for submarine systems. NTT introduced the world's first fiber submarine 
amplifier (FSA) domestic system utilizing in-line optical repeaters for single wavelength channel 
transmission in 1995 [1][2]. This system was designed to transmit 600Mbit/s, 2.5Gbit/s. and up to 
lOGbit/s signals and offered the maximum transmission capacity is of 60Gbit/s/cable. Figure 3.7 
shows the existing FSA cable route between Kagoshima and Okinawa. The FSA cable, divided into 
six subsystems, uses 905km dispersion-shifted-fiber (DSF) and nine optical in-line repeaters to link 
Kagoshima to Okinawa. Moreover, its operation system, called MARINE, offers in-service 
performance monitoring of submarine optical repeaters. 
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If new submarine optical cables and submarine repeaters have to be installed to support the 
WDM system, the cost of the new plants and their laying constitute the major part of the cost of the 
entire system. From the viewpoint of network plant reuse at reasonable cost, it is essential to 
support the introduction of WDM technologies without requiring the replacement of cables and/or 
submarine repeaters. 

The original FSA system was that three of its design features would impact the adoption of 
WDM technologies. (1) 10 nm optical band-pass filtering is used in each optical repeater to suppress 
the accumulation of optical noise. (2) The repeater output is automatically held to 6dBm. (3) Fiber 
dispersion in DSF is also managed to avoid non-linearity degradation in single wavelength channel 
transmission. This was realized by setting the total zero dispersion to around the signal 
wavelength, 1552nm, in order to avoid waveform degradation. 

The optical filtering in the repeater restricts the allowable number of wavelengths and the range 
of the wavelength window. The repeater output power limitation, on the other hand, reduces 
optical transmitting power of each wavelength channel and related system Q-factor at the receiver. 
Furthermore, relatively large wavelength spacing is required because fiber non-linearity effects 
such as four-wave mixing (FWM) and cross-phase modulation (XPM) in DSF degrade transmission 
quality. 
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This section describes the design concepts, actual performance overviews of the upgrade 
technologies for the WDM line signal and supervisory control system, and the actual system 
configuration of a commercially available 10 Gbit/s x 4-channel FSA-WDM upgrade of an already 
installed FSA submarine system [4]. 

(A) Design concept 

When implementing a high-capacity system by applying WDM technologies to an existing 
submarine optical amplifier transmission system that originally designed for single-channel 
transmission, an upgrade system should be realized with reasonable cost from a single channel to 
the maximum number of multiplexed channels. From the viewpoint of upgradability, the number 
of wavelength channels may have to be increased according to the system requirement. Thus, a 
method which remains economical regardless of the number of channels (Fig. 3.8) and in which the 
transmission characteristics are assured even for channel expansion, should be designed. 

Terrestrial Section Submarine Section Terrestrial Section 

Terrestrial SV lOGbit/s (Single Channel) SV Terrestrial 



Figure 3.8 A large capacity transmission system by utilizing WDM technologies 


On the other hand, the remote supervisory control function for the existing optical repeaters and 
its controllability that is realized in the conventional FSA system, should be used in the WDM 
system. Additionally, since the terrestrial transmission equipment designed for single-channel 
transmission is individually connected to the WDM submarine system, the SV system must enable 
independent supervisory control for each wavelength. 

To successfully upgrade a high-capacity system with reasonable cost, the WDM system must 
satisfy the following requirements: 
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(1) Each of the wavelength channels should be independently added or removed, and thus, it 
should have an independent supervisory control function. 

(2) Sufficient transmission quality should be ensured for any number of wavelengths if the 
wavelength channels are being added or removed. 

(B) WDM technologies 

Following is a description of the issues and applied WDM technologies used to economically 
implement a FSA-WDM system with a maximum number of wavelength channels by upgrading an 
existing FSA system originally designed for single-channel transmission. 

(a) WDM configuration 

Starting with an FSA system that ensures 1,000-km transmission at a transmission rate of 10 
Gbit/s per wavelength, wavelength light sources and optical multiplexers and demultiplexers, all 
stabilized at a high accuracy of + /-0.1 nm, are used to enable high-density wavelength division 
demultiplexing. These high-stability optical components allow us to create a design supporting the 
existing FSA system's transmission distance of 900 km by laying out channels at 1.6-nm intervals in 
the same way as in an ITU-T Grid. 

(b) Upgrade issues and solutions 
(1) Repeater output limitation 

Since the repeater output is automatically held at +6 dBm (4 mW), the optical output power 
allocated to each WDM channel is decreased by about 6 dB in the installed FSA cable system (e.g., 
4-channel multiplexing). The decrease of the optical output power level for each wavelength 
through WDM application induces the optical SNR degradation determined by the signal power 
and the ASE noise power of an optical repeater. To overcome this optical SNR degradation, we 
developed and employed an ultra-fast forward error correction (FEC) code (Reed-Solomon [255: 
239] code) that supports a rate of 10-Gbit/s according to the ITU-T standard. Figue 3.9 shows the 
error correction performance obtained by a computer simulation. The error correction gain is about 
5.5 dB against the electric SNR of 17 dB at the receiver. This FEC gain recovers the electrical SNR 
degradation against the repeater output power limitation. Furthermore, adopting the return-to- 
zero (RZ) code at a duty ratio of 75% as the optical signal modulation format used in the transmitter 
can improve the electric SNR of a receiver by up to 1 dB. Applying the FEC technology and the RZ 
code can improve the transmission signal quality, enabling a WDM system with up to four 
wavelengths. 
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Input Electrical SNR (dB) 


Figure 3.9 Performance of FEC (Reed-Solomon [255:239] code) 

(2) Bandwidth limitation of the optical repeater 

In each submarine optical repeater, a 10 nm bandwidth optical bandpass filter (center 
transmission wavelength of 1552.0 nm) is used to suppress the accumulation of ASE noise power 
for single-channel transmission. After nine repeaters transmission, the optical bandwidth is 
narrowed about 4 nm (up to 500 GHz), and the different wavelengths have variations in their gains 
due to the gain bandwidth characteristics of the optical repeaters. To handle this variation in the 
gains, as caused by the optical repeaters, we use pre-emphasis technology to preset different optical 
transmission power levels for the signal channels (wavelengths) of the transmitter to maintain the 
transmission quality with same Q-factor at the receiver. 

(3) Fiber chromatic dispersion 

To overcome fiber non-linearity, each fiber between optical repeaters is configured so that the 
fiber exhibits normal dispersion values at its input portion and anomalous dispersion at its output 
portion; this realizes dispersion compensation in each repeater section. Moreover, the average zero- 
dispersion wavelength of an optical fiber used in a fixed FSA system is designed to be 1552.0 nm, 
which is set at the wavelength of an optical transmitter in single-channel transmission. Since this 
design was intended for single-channel transmission, signals may degrade in a WDM system 
because of the non-linear interactions among the wavelength channels. Using the current system, 
we determined the wavelength spacing and wavelength allocation so as not to degrade 
transmission quality by field experiments. 







































































System Design and Implementation 73 


Table 3.1 shows the specifications of the FSA and FSA-WDM systems. The details of 
technologies required for an FSA-WDM system are described in another article contained in [5]. 


Table 3.1 FSA and FSA-WDM system parameters 



Installed FSA System 

FSA-WDM System 

Transmission bit rate 

600M, 2.4G, lOGbit/s 

lOGbit/s/ch 

Number of wavelengths 

1 

4 (Maximum) 

Wavelength allocation 

1552.0 nm 

1550.12, 1551.72, 1553.33, 1554.94nm 
(ITU-T Grid) 

Transmission distance 

905 km 

Repeater spacing 

~ 90 km 

Number of subsystems 

6 (6 fiber pairs) 

Repeater output power 

+6 dBm (Automatic level control) 

Supervisory fault location 

Inservice performance monitoring 
(Sub-carrier multiplexing on line signal) 

Fiber type 

Dispersion management fiber 


(2) Transoceanic cable system/OS system 

Figure 3.10 shows the major elements of the OS standard long-haul submarine cable system. The 
submerged optical cable contains the multiple fiber pairs. In accordance with the number of fiber 
pairs, the submerged optical repeaters accommodate the same number of sub-systems which enable 
the bi-directional transmission with two different directional optical amplifiers. In the system 
currently deployed, 4 fiber pairs are used although in the next generation system, 8 fiber pairs will 
be available. The optical amplifier repeater boosts the optical signal to the specified power level. 
The status of the repeater located at the sea bottom can be remotely supervised by the passive or 
active mode in service condition. In out-of service condition, the optical power level can be directly 
measured through coherent OTDR test set through the permanent loopback path furnished in the 
amplifier. The electrical power for the operation of the repeater is feeded by the power feeding 
equipment with direct current from the shore end landing station through the metallic conductor in 
the submerged cable, which is insulated against sea water. In terms of the signal branching in the 
water, a submerged branching unit is employed. In the branching unit, the fiber pair is branched 
inside together with the electrical power switching function for the reconfiguration of the power 
feeding in the event of cable failure. In the WDM system, the color branching unit was also 
developed. The color branching unit adds and drops the specific color with fixed band-pass optical 
filters. 
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cable station or the network operation center. To avoid network management failure, a redundant 
network management arrangement is used. 

Figure 3.12 shows the configuration of the single platform network management system. For the 
equipment associated with the submerged plant in the OS system, a Maintenance Controller (MC) 
works SSE and monitors the alarms of SLTE, LME, and PFE through Q3 interface conforming to 
TMN standards. The element management system for the SDH standardized SIE is separately 
provided. Each element management system is managed by the network management system. 



\ _ / \ _ / 

Submerged Network/Terrestrial 

Equipment Equipment 


Figure 3.12 Network management system configuration 

3.2 DESIGN ON OPTICAL AMPLIFIER REPEATER SYSTEMS 
3.2.1 DESIGN APPROACH OF TRANSMISSION LINE 

The optical submarine transmission system is designed to satisfy the performance required of 
international digital transmission lines. As the tributary of SLTE terminating the submarine 
transmission line is specified based on the SDH interface, its error performance is requested to meet 
the equivalent SDH hierarchy standards of ITU-T recommendation G.826. The bit error rate (BER) 
is the fundamental parameter to indicate the digital transmission performance and to deduce the 
Errored Second Rate and the Mean Block Error Rate of SDH frame specified by ITU-T 
recommendation G.826.[6] 

The design objective is that the designed system provides the requested performance for the 
specified system length and capacity. The engineering of repeater span is the center of the 
transmission system design to provide the optimal system parameters. In addition, in order to 
maintain performa better than the specified error performance throughout the system life of 
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typically 25 years, the system margin is allocated at the initial deployment to cover the system 
degradation due to ageing and repair. 


To complete the system design, the approach based on the performance budget for the 


transmission line has been developed. Because the transmission characteristics of optically 
amplified repeater systems have the cumulative effect of repeater spans, it is required to be 
designed in the end-to-end system performance budget instead of the individual repeater span 
power budget used in the regenerator systems. The performance of the transmission line is 


characterized by the Q-factor which can directly relate BER to the end-to-end system SNR. In 


addition, the Q-factor is useful to quantitatively take into account of various impairment factors 
correlating to the received binary eye diagrams together with the direct measurement by BER test 
set. [7] 

Figure 3.13 is the eye diagram received at the end of the system. The noise associated with the 
optically amplified transmission degrades the eye diagram. (t) the signal at the decision circuit of 
the optical receiver. If the output noise is approximated to be Gaussian, the mean and variance of 
(t) can be descrived; 



(3.1) 


o*(t) = (v :(f)) “ ju-(t) 


(3.2) 


Where i =0 and 1 for mark and space levels, respectively. 



< received eye diagram > 


G 0 : noise sigma at “0” level 
< noise distribution > 


Figure 3.13 Noise sigma at "0" and "1" levels 


Letting V T the threshold, the bit error rate (BER) is written as 



(3.3) 
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Where erfc is a complementally error function and approximated with the first order by 


1 _ 

2 




exp( -x'-/2) 
x\[Yn 


(3.4) 


Setting the V T at optimum so as to minimize BER, BER can be written as 


BER = ^erfc(§)~ 


exp<-&/2) 

Q{2n 


(3.5) 


Where 


Q = 


<7„+<T, 


(3.6) 


Figure 3.14 shows the curves of Q vs BER. 

Q 2 in dB 



Figure 3.14 Curve for Q vs BER 

For the case where the major noise source is the accumulated ASE noise in the optically 
amplified repeater system, the Q factor can be simply correlated to optical SNR based on the system 
parameters. Although the detail of ASE noise behavior is explained in Section 2, the optical SNR 
can be written as 
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SNR N r ■ hvG ■ B t N .. • • • (3.7) 

where Pav, N and G are the average repeater output power, noise figure and optical gain of the 
amplifier repeater, respectively. The optical gain G balances the optical loss of the fiber span, the 
product of fiber loss and repeater spacing, hv is the energy of a photon at the signal wavelength. Bo 
is the optical bandwidth of the receiver optical filter in Hz and N is the number of amplifier 
repeaters. (3.7) is the SNR for single channel transmission. For the WDM system, SNR shall be 
defined for each channel. For the WDM signal powers are well equalized, the SNR of each channel 
is obtained by dividing the average repeater power by the number of wavelengths, n. 


SNR = 


P„/n 

N f • hvG -B.-N 


(3.8) 


Based on the receiver noise analysis, the Q-factor is calculated as 


2SNR 


Q = 


(3.9) 


1+J1+4SNR 


Where B e is the electrical bandwidth of the optical receiver in Hz. The Q-factor is often denoted 
in dB by taking 20 times the logarithm. 

3.2.2 IMPAIRMENT STUDIES ON LONG-HAUL TRANSMISSION 

The transmission performance of the long-haul submarine system will be impaired by various 
factors together with ASE noise accumulation. Each impairment factor contributes to a decrease in 
SNR, an increase in Gaussian noise, and a decrease in eye diagram margin. These factors are 
converted into noise terms and described as penalties in Q-factor using the square of Q in decibels. 
The following factors are major sources in determining the system performance budget. 


• ASE noise generated in the EDFA 

• Fiber nonlinear effects such as self-phase modulation (SPM), four-wave mixing (FWM), cross¬ 
phase modulation (XPM) and stimulated Raman scattering (SRS) and their interaction with 
fiber chromatic dispersion 

• Imperfect compensation of accumulated fiber chromatic dispersion and its interaction of the 
phase modulation of input signal 

• Time varying effect in performance caused by polarization dependent loss (PDL) in optics of 
the repeater and polarization dependent gain (PDG) in EDFA together with polarization 
mode dispersion (PMD) 
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• Imperfection of EDFA gain equalization and launch power pre-emphasis 

• Supervisory activity 

• Manufacturing offset from the design center 

• Transmitter and Receiver Imperfection 

All the above impairment parameters impair the Q-factor associated with the end-to-end optical 
SNR in the accumulative and interactive manner as a function of the system length. From the 
experience on the optically amplified line system experiment, these factors cannot be assessed 
separately. However, based on a thorough understanding of these interactions through 
experimental and analytical studies, an appropriate allocation of penalties due to these impairment 
factors can be empirically evaluated. In addition, for the factors whose interactions cannot be 
verified by measurements on the experiment, they are subtracted linearly in the budget calculation 
by resorting to a conservative worst case approach. 

Unlike the regenerator system, the optically amplified line has no regenerative functionality and 
does not degrade the jitter performance. The jitter is only degraded at the process of the timing 
regeneration performed at the optical receiver. 

The out-of-band supervisory channel may degrade the transmission performance although 
several methods of the repeater supervisory are used. Each method is designed to minimize its 
effect. Namely the modulation index of the supervisory signal superimposed on the line signal is 
carefully optimized to minimize the impairment of the line signal as well as to obtain the sufficient 
signal-to-noise ratio for the supervisory signal detection. In addition, to localize the faulty point in 
the repeater system by C-OTDR in out-of-service, an OTDR optical path is often provided in the 
repeater. The coupling ratio of the OTDR paths is appropriately designed to minimize the effect. 

(1) Performance budget 

To the first order, the ideal end-to-end optical SNR can be modeled as the ASE noise 
accumulates linearly with respect to the number of amplifiers. The SNR is a function of the 
repeater spacing for the given system length. To design a cost-effective system, the repeater spacing 
is properly tailored in accordance with the length of the line segment. 

The next cumulative effect is the interaction of fiber chromatic dispersion and fiber nonlinearity. 
The fiber nonlinearity due to change of refractive index causes self-phase modulation, cross-phase 
modulation, and optical four-wave mixing of the WDM signal with ASE noise. They interact with 
fiber chromatic dispersion in a complicated way. The SRS for the multiplexed signal wavelengths 
caused by fiber nonlinarity is not neglected in dense WDM transmission. 
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(2) Reduction of impairment 

The impairment caused by the long distance transmission increases as a function of the 
transmission distance. To implement the optimum submerged transmission line, various 
technologies are provided in the transoceanic systems. The major items to reduce the impairment 
are described. 

(A) Line format 

The self-phase modulation takes place at the leading and trailing edges of the signal pulse and 
deforms the pulse shape interacting with the chromatic dispersion. For the Non-return-to-Zero 
(NRZ) pulse format, the leading and trailing edges do not appear in the middle of pulses for the 
consecutive marks bit sequence. This causes a difference of self-phase modulation in each pulse 
with the pattern of the bit sequence and induces the degradation of the eye diagram after the long 
transmission. For the Return-to-Zero (RZ) format, on the other hand, the leading and trailing edges 
will appear at every pulse so that the pattern dependent effect due to self-phase modulation is 
minimal. Accordingly the RZ pulse format improves the transmission performance against the 
effect of the self-phase modulation. 

In addition, the interference from the pulses in adjacent time slots can be reduced by the 
synchronized phase modulation. As indicated in Fig. 3.15, the synchronized phase modulation 
causes the wavelength chirp at the leading and trailing edges of the individual pulse in shorter 
wavelength and longer wavelength, respectively. The interaction with the fiber dispersion D 
compresses the pulse and isolates the individual pulses. The effect of phase modulated chirp pulse 
improves the performance of the pulse propagation in the nonlinear transmission medium together 
with the RZ pulse format. This improvement was verified by computer simulation as well as 
experiment. In long-haul submarine systems, the chirped RZ line format is employed. 
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Figure 3.15 Transmission performance improvement by chirped pulse 
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(B) Dispersion map 

The interaction of fiber chromatic dispersion and fiber nonlinearity is especially enhanced when 
the zero dispersion wavelength of the fiber is close to the signal wavelengths and the phase 
matched condition is established. In addition, operation in anomalous dispersion or positive 
dispersion also compromise the signal spectra. To minimize these effects, fibers with sufficient 
large negative dispersion at signal wavelengths are used. 

In addition, to reduce fiber nonlinearity, a new fiber configuration, i.e., the concatenation of 
large core fiber (LCF) and dispersion shifted fiber (DSF) was employed. LCF has a large effective 
area but larger dispersion slope and attenuation loss. The large dispersion slope causes larger 
dispersion accumulation at the channel away from the zero dispersion wavelength. Especially for 
10Gbit/s, associating with the fiber nonlinearity, this effect degrades the error performance at those 
channels. Figure 3.16 shows the Q-factor of 10.66 Gbit/s 16 WDM channels after 10,850km 
transmission. The accumulated dispersion at each cannel is completely compensated. As seen in 
Fig. 3.16, Q-factor degrades in both shorter and longer wavelength directions. The cause of the 
degradation was analyzed as the nonlinear interaction of fiber nonlinearity with the accumulated 
dispersion due to the fiber dispersion slope before the dispersion compensation. To reduce this 
effect, the fiber configuration as shown in Fig. 3.17 is used in the repeater span. Namely, the 
dispersion shifted fiber (DSF) with lower dispersion slope and low loss characteristics are placed 
after the LCF where the signal power is attenuated. 



Wavelength (nm) 


Figure 3.16 Q-factor vs accumulated dispersion before dispersion compensation 
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Figure 3.17 Fiber configuration of repeater span 


As the fibers of optical cables have large negative chromatic dispersion to prevent the effect of 
fiber nonlinearity, the negative dispersion accumulates over the transmission length. To 
compensate the negatively accumulated dispersion, the standard fiber with large positive 
dispersion in the signal wavelength range is inserted with the appropriate interval in submersible 
cable. In addition, the differently accumulated dispersion with respect to the wavelength is 
compensated at the line terminating equipment. The example of dispersion maps for a 7500km 
system is shown in Fig. 3.18. The dispersion compensation fiber span is inserted around every 
500km. 

In the WDM system, the accumulation of dispersion differs with respect to wavelength due to 
the slope of the fiber chromatic dispersion. To compensate the residual dispersion for each signal 
wavelength, the appropriate length of dispersion compensated fiber is inserted at the line 
terminating equipment. 



Distance [km] 

Figure 3.18 Example of dispersion map for 16WDM 7500km system 
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(C) Polarization scrambling 

The third cumulative effect is polarization dependent characteristics. In general, the 
components consisting of optical amplified line have polarization sensitivity. That is, the fiber has 
polarization mode dispersion (PMD), the optical components used in the amplifier repeater have 
polarization dependent loss (PDL) and the erbium-doped fiber has polarization dependent gain 
(PDG) due to the polarization hole burning effect. These factors produce the time variation Q 
associated with the change of polarization state of the line signal. Figure 3.19 shows the time 
variation characteristics of Q-factor at the end of the 9000km system. 

To minimize the cumulative polarization effect, the components used in the transmission plant 
are designed to achieve the low polarization sensitivity in the adequate wavelength range. In 
addition, the polarization scrambler synchronized to the line rate is employed to mitigate the effect 
of PDL and PDG. The polarization scrambling can reduce the time variation as well as the average 
Q-factor as shown in Fig. 3.19. 



Figure 3.19 Q-Factor improvement by polarization scrambling 


The statistics of the time variation Q due to the polarization effect have been evaluated by 
standard deviation in the line system simulators as shown in Fig. 3.19. The mean minus 5 standard 
deviations will provide a 10 7 time rate which is far from a hunredth of the outage requirement. In 
addition, as the system will be adequately protected with a ldB system margin, the probability to 
lead to the outage is quite low. 

(D) EDFA gain equalization 

In the WDM system, the end-to-end optical SNR for each wavelength generally differs due to 
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deviation from the ideal flat wavelength response of the optical amplifier line. For the submerged 
plant, however, the end-to end optical SNR is equalized with respect to the signal wavelength by 
minimizing the gain difference in wavelength at each repeater with the gain equalizing filter 
together with an additional gain reshaping optical filter and pre-emphasizing input power of the 
signals with less gain benefit at the system input. 

This method effectively reduces the penalty resulting from the residual imperfection of unequal 
gain characteristics in the amplifier chain and equalizes the error performance among the signal 
wavelengths. Figure 3.20 shows the wavelength spectrum of the 64 WDM system with gain 
equalization after 8000km transmission. As shown in Fig. 3.20, the gain flattening minimizes Q- 
factor excursion at the end of the system along with other equalization functions. 



Wavelength[nm] 


Figure 3.20 Minimization of Q-factor excursion among channels by gain equalization 


(3) Aging factors affecting system performance 


In addition to the factors affecting the Q-factor at the beginning of life (BOL), the following 
aging effects and impairment due to repair are included to ensure the end of life (EOL) margin. 


• Repair Margin 

• Repeater Component Aging 

• Optical Cable Aging 

• Pump LD Failure 

• Transmitter and Receiver Aging 

The margin for repair and aging are appropriately evaluated with the experimental data and the 
theoretical model. The loss increase due to repair and aging will degrade the end-to-end optical 
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SNR. In addition, the increase of the span loss will cause a tilt in the gain shape. This additional 
SNR degradation needs to be taken into account. 

For repair impairment, the insertion loss of the repair cable is taken into account. The length of 
the repair cable is calculated by 2.5 times the water depth. In the power budget, one repair in deep 
water is assumed at every 1000km in a distributed manner. For deep water repair, the optical 
signal level can be almost recovered by the self-regulating nature of the amplifier after few 
repeaters. If the interval of repair is few spans in case of the clustered fault, the penalty due to 
repair is same for the distributed case. On the other hand, when the repair interval is consecutive, 
the allowable number of repairs might be decreased especially for the worst case power budget. 
The expected maximum number of repairs depends on the actual system margin which can be 
estimated after commissioning and acceptance testing. 

The repeater output power decrease due to insertion loss increase of optics and pump power 
decrease shall be included as an aging factor. Its associated worst-case noise penalty is taken into 
account. The effect of the aging in the submersible optical cable loss is also included. 

A small percentage of the pump laser failure is allowed for in the repeater design. The effect of 
the pump laser failure causes degradation of end-to-end optical SNR as well as changes in the gain 
flatness. Ffowever, the loss increase due to pump laser failure can be minimized by the proposed 
four-fold LD redundant arrangement together with large robustness of loss increase in the optical 
amplified line. 

3.3 DESIGN EXAMPLES 

This section describes two system design examples with EDFA technology. One is the system 
design for the 1,000 km transmission system with 90 km repeater span and the other is transoceanic 
transmission systems with 50 km repeater spans. Both are for the 10 Gbit/s based WDM system. 

3.3.1 FSA-WDM SYSTEM 

The development of optical amplifier technology led to the building of the FSA submarine 
optical amplifier system introduced at the beginning of 1995. The FSA system supports single¬ 
channel transmission with flexible bit rates of up to 10Gb/s[8] [9] [10]. Since its installation, 
progress in wavelength-division-multiplexing (WDM) technology in optical amplifier systems 
created exceedingly larger transmission capacities without the need for higher speed electronics. 
The advantages of WDM systems are, unfortunately, offset to some extent by the increase in 
complexity of system design compared to conventional single-channel optical amplifier systems. 
This is mainly due to the inter-channel interaction caused by fiber nonlinearity and dispersion, the 
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limited optical passband width of optical amplifiers, and channel crosstalk in optical devices in the 
transmitter and receiver. Therefore the system requires a sophisticated design accommodating a 
variety of parameters for the entire system. 

The FSA-WDM system was developed on the premise of upgrading an installed FSA system by 
applying WDM technology. Only the terminal equipment could be replaced to realize a 
transmission capacity of up to 40 Gbit/s; the optical amplifier repeaters and submarine cables 
already installed could not be touched. This is a very cost-effective way of increasing transmission 
capacity. Moreover, the system assures flexibility in the number of signal channels that are essential 
to its operation. 
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Figure 3.21 Supervisory terminal equipment configuration 

Figure 3.21 (a) shows the configuration of the supervisory terminal equipment used in the FSA 
system in terms of main signal transmission. It receives an STM-64 optical signal (9.95 Gbit/s) from 
a terrestrial line, converts it to an electrical signal (O/E conversion), generates an optical signal that 
is suitable for submarine transmission, and then transmits the optical signal by using an optical 
amplifier (OAMP), and vice versa. That is, it functions as a line signal regenerative repeater 
between the terrestrial line and the submarine line. Apart from line signal conversion, a low 
frequency sub-carrier modulating signal is superimposed on the line signal sent to the submarine 
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repeater. This allows supervisory control while the system is in service [9]. 

Meanwhile, the FSA-WDM system, shown as (b) in Fig. 3.21, receives four STM-64 optical 
signals (9.95 Gbit/s). After converting these signals to an electrical signal, it encodes the signal by 
using a 10 Gbit/s forward error correction (FEC) circuit while increasing the bit rate to 10.66 Gbit/s. 
Each of the four channel optical signals, modulated by 10.66 Gbit/s electrical signals, is level- 
adjusted by an optical attenuator and then wavelength-multiplexed by an optical wavelength- 
division multiplexer (OMUX) for transmission through the submarine line as a 4-channel WDM 
signal. In the same way as the existing FSA system, a low-frequency sub-carrier modulating signal 
is superimposed on the line signal after OMUX. The receiver demultiplexes a WDM signal from a 
submarine line into signal channels by using an optical wavelength-division demultiplexer 
(ODEMUX), and then compensates for the chromatic dispersion that accumulates during 
transmission by using a dispersion compensation fiber (DCF). The receiver converts the resulting 
signal to an electrical signal and the FEC circuit corrects the signal bit error and then converts the 
signal bit rate from 10.66 Gbit/s to 9.95 Gbit/s for transmission over the terrestrial line. 
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Figure 3.22 Typical dispersion allocation of the FSA system 

Figure 3.22 shows an example of the dispersion management of the FSA system. It is known 
that, in general, an optical fiber has a nonlinear refractive index that causes nonlinear effects on the 
signal propagating in the fiber [11]. This nonlinearity increases with optical power and transmission 
distance within an optical fiber and causes a critical problem in an optical amplifier system in 
which a signal is propagated over a long distance without being regenerated [12]. In intensity- 
modulation direct-detection (IM-DD) systems, SPM causes spectral broadening and enhances the 
signal pulse distortion due to fiber chromatic dispersion. In addition, FWM makes the signal and 
ASE noise interact with each other, resulting in the creation of excess optical intensity noise. The 
former increases with chromatic dispersion except for special cases such as soliton pulses. Thus, the 
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signal wavelength should be set to as closely as possible approach a zero-dispersion wavelength. 
The latter is known to strongly depend on the chromatic dispersion characteristics of the fiber and 
becomes significant in the abnormal dispersion or positive dispersion region [13]. Thus, the signal 
wavelength should be set in the normal dispersion or negative dispersion region as far as possible 
from the zerodispersion wavelength. To satisfy these requirements, we configured each fiber to 
offer normal dispersion at its input end, where the optical power is large; for example, beyond the 
effective length of the optical fiber, a distance where optical power drops to 1/e due to fiber loss. 
Then, anomalous dispersion fiber was used at its output end so that the overall dispersion of the 
fiber was zero. However, this scheme does not sufficiently consider inter-channel interaction 
between WDM signals induced by fiber nonlinearity, so careful consideration of these impairments 
is essential. 

(1) SNR design 

In optical amplifier systems, we should consider the SNR in both the optical and electrical 
regions. The former is defined as the ratio of the time-averaged optical signal power to the optical 
noise (ASE noise) power generated from the optical amplifiers. The latter is determined by the 
signal peak power and noise power after O/E conversion [8][10][14]. In the case of single-channel 
transmission, the time-averaged optical signal power is almost equal to the optical amplifier output 
power. The ASE noise power is determined by the optical amplifier gain, noise figure, and the 
number of amplifiers. 



Figure 3.23 shows the relationship between the optical SNR (OSNR) and electrical SNR (ESNR). 
For single-channel transmission, the OSNR yoi,s of a transmitted signal is obtained from the optical 
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amplifier parameters being used. Next, the ESNR yei,i at the theoretical limit is obtained from the 
signal power and noise power after O/E conversion. The signal waveform distortion resulting from 
propagation in the optical fiber does not affect the time-averaged signal power but appears as ESNR 
degradation after O/E conversion. Thus, the ESNR drops to yei,i, as shown in the figure. The 
impairments arising in the transmitter-receiver pair, including optical and electrical noise and inter¬ 
symbol interference, can be considered as ESNR y e.t, if inter-symbol interference can be treated as 
noise. By using these ESNR parameters, the ESNR of the whole system is obtained as yei,s. 

In the existing FSA system, the optical amplifier output is set to 6dBm to support single-channel 
transmission up to 10 Gbit/s. In the case of WDM transmission, the OSNR for each signal channel 
decreases with the number of signal channels if the total optical amplifier output power is kept 
constant. For 4-channel WDM transmission, the OSNR value simply decreases by 6 dB from y oi to 
y 04, as shown in the figure. The corresponding ESNR after O/E conversion is determined as ye 4 ,i. 
Using the same procedure as for the single-channel system, we can obtain the ESNR of the entire 
WDM system as y e 4 ,s. To realize the transmission-capacity upgrade, we must improve the ESNR 
decrease that would accompany the increase in the number of signal channels, while suppressing 
the impairments caused by WDM transmission. The technologies that resolve these issues are 
discussed below. 

(2) Forward error correction technology 

Unlike a regenerative repeatered system, any signal degradation during propagation in optical 
fiber accumulates over the entire length in an optical amplifier system. Thus, SNR improvement by 
increasing the signal power can be limited only to an unsatisfactory level, because of fiber 
nonlinearity. In recent years, FEC has been introduced into long-haul submarine transmission 
systems to address this problem. Conventional FEC, however, was only capable of realizing a bit 
rate of no more than 5 Gbit/s in both single-channel transmission and WDM systems. 

In the FSA-WDM system, 10 Gbit/s high-speed FEC technology has been developed to 
compensate for the SNR degradation caused by WDM transmission. The ITU-T recommended Reed- 
Solomon (255,239) format that was adopted forces the line signal bit rate to be increased by about 
7%. Accordingly, high-speed optical and electrical devices were developed for the line bit rate of 
10.66 Gbit/s. Figure 3.24 shows the calculated and measured FEC performance of the FSA-WDM 
supervisory terminal equipment. The FEC improved the BER of the system from, for example, 
2xl0' 4 to better than lxlO' 11 . This value corresponds to an improvement in ESNR of 5.5 dB and is 
enough to achieve 4-channel WDM transmission over the FSA line. 
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(3) Nonlinear interaction between WDM signals 

The inter-channel interactions between WDM signals caused by optical fiber nonlinearity 
include FWM and XPM. FWM makes the signals coherently interact with each other to generate 
new frequency waves at the expense of incident signals, resulting in signal power loss and inter¬ 
channel crosstalk that is dependent on the signal bit-pattern in IM-DD systems. While SPM is 
provided by a change in the intensity of the signal itself, XPM is provided by a change in the 
intensity of another signal channel. XPM, in the same way as SPM, can cause waveform distortion 

[15]. 
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Wavelength (1 nm/div) 

(a) Wavelength differences.2nm 


Wavelength (1 nm/div) 
(b)Wavelength differences.8nm 


Figure 3.25 Optical spectra measured for 2-channel signal transmission 


Because of its spectral behavior, FWM can be easily observed from an optical spectrum. Figure 
3.25 shows the measured optical spectra for 2-channel transmission with channel spacings of 0.8nm 
and 0.2nm. For a channel spacing of 0.8nm, the generated FWM light power was approximately in 
an order of magnitude less than that of the ASE noise. In contrast, reducing the wavelength 
difference to 0.2 nm generated significant FWM waves, 20 dB under the signal power. This is 
because the magnitude of the interaction depends on the difference in the group velocity between 
the signals, that is, chromatic dispersion and channel spacing. Figure 3.26 plots the generated FWM 
light power as a function of wavelength difference measured by sweeping one of the signal 
wavelengths. FWM light generation becomes significant if the wavelength difference is less than 0.8 
nm. This result shows that the channel spacing should be more than 0.8 nm to effectively suppress 
FWM light generation in the FSA transmission line. 



Figure 3.26 Wavelegth difference between the signals vs generated FWM light power 
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(4) Optical passband width characteristics and pre-emphasis technology 

As discussed above, the inter-channel interaction due to FWM in WDM transmission can be 
suppressed if the channel spacing is sufficiently increased. Meanwhile, the optical passband width 
of the FSA system is limited by the optical filter inserted into each repeater to control the optical 
amplifier gain bandwidth for single-channel transmission. For the entire system, a half width of the 
passband is about 4nm around 1552nm. Accordingly, extending the signal channel spacing beyond 
the passpand width results in attenuation in the signal power, thus resulting in OSNR degradation. 



Figure 3.27 shows the measured results for the optical SNR at the receiving end when a 4- 
channel WDM signal is transmitted. When each signal has an equal optical power level as shown in 
Fig. 3.28 (a), the OSNR of the shortest or longest wavelength signal significantly decreases as the 
center wavelength of the WDM signal deviates from that of the optical passband. By setting the 
center wavelength to around 1552 to 1553nm, OSNR degradation is somewhat reduced but not 
balanced between the signals (Fig. 3.28 (b)). By applying a pre-emphasis technology that provides a 
difference in optical power level between the signals at the transmitter as shown in Fig. 3.28 (c), the 
OSNR for all four signals had the same value as indicated in Fig. 3.27; Fig. 3.28 (d) shows its 
spectrum. Based on the above results, we adopted the four signal wavelengths of ITU-T Grid 
1550.02, 1551.72, 1553.33, and 1554.94, with 1.6 nm spacing, for the FSA-WDM system. 
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(a) Optical spectrum before transmission 
without pre-emphasis 
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(b) Optical spectrum after transmission 
without pre-emphasis 



(c) Optical spectrum before transmission 
with pre-emphasis 
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(d) Optical spectrum after transmission 
with pre-emphasis 


Figure 3.28 Optical spectra measured before/after transmission with/without pre-emphaasis 
Resolution: 0.2mm., Vertical axis:5dB/div, Horizontal axis: 2nm/div 


O : CHI (2-channel WDM transmission) 

• : CH2 (2-channel WDM transmission) 

A : CHI ,3,4 (4-channel WDM transmission) 
▲ : CH2 (4-channel WDM transmission) 
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Figure 3.29 Measured pre-emphasis level offset vs optical SNR for 4-channel WDM transmission 

To ensure the stable operation of the system, the accuracy and stability of the pre-emphasis level 
must be considered. Figure 3.29 shows the OSNR measured against the deviation of the pre¬ 
emphasis level from the optimum value. For 2-channel transmission, the OSNR of one channel 
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changed at the expense of the other channel. The rate of change, which was symmetrical, was about 
0.4 dB per 1 dB change in pre-emphasis level. For 4-channel transmission, the OSNR deviation was 
measured while changing the optical power level of channel 2, which is the minimum at the 
transmitter output, as the worst case. For a pre-emphasis level deviation of 1 dB, the OSNR of 
channel 2 was changed by about 0.6 dB, while those of other channels changed by 0.3 dB. These 
results confirm that the pre-emphasis technique can be adopted in this system given the practically 
available values of precision and stability. 


(5) Signal waveform optimization technology 


In general, the signal peak power increases as the duty ratio of the signal pulse decreases if the 
time-average optical signal power is constant, while ESNR increases with the signal peak power. 
Thus, in an installed system in which the optical amplifier output is fixed, such as an FSA system, 
ESNR improvement by employing the RZ signal waveform instead of the conventional NRZ signal 
waveform might be effective. However, an increase in the optical signal peak power enhances fiber 
nonlinear effects. For example, a normal RZ waveform has a duty ratio of 50 percent, such that the 
signal peak power is double that of the NRZ waveform under a constant time-average optical 
power (Fig. 3.30 (a) and (c)). This does not, therefore, promise straightforward improvements. This 
means that the signal waveform must be optimized by considering the fiber nonlinear effects as 
well as ESNR improvement. 



(a) NRZ (100%) 




Figure 3.30 Waveforms for three signal pluses 
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Figure 3.31 Change in optical spectrum depending on the number of wavelengths and waveforms 
Resolution: 0.1mm., Vertical axis: 5dB/div, Horizontal axis: 2nm/div 


Figure 3.31 shows the measured optical spectra of the three signal pulse formats for single and 
4-channel transmission. Compared with an NRZ waveform, a conventional RZ waveform with a 
duty ratio of 50 percent shows no significant change in 4-channel transmission. Meanwhile, in 
single-channel transmission, the signal peak power is quadrupled, resulting in excessive spectral 
broadening. This causes signal power loss when the signal passes through the optical 
demultiplexer and optical filter in a receiver. To cope with this problem, the FSA-WDM system 
uses a partial return to zero (PRZ) waveform that has an intermediate duty ratio between that of the 
NRZ waveform and that of the 50 percent RZ waveform, as shown in Fig. 3.30 (b). This reduces 
excessive spectral broadening in single-channel transmission and realizes flexibility with the 
number of channels, as can be seen from Fig. 3.31. 

(6) Dispersion compensation technology 

Group velocity dispersion or second order dispersion changes with wavelength due to the 
existence of higher-order dispersion (dispersion slope). Thus, dispersion compensation for each 
channel is essential at the receiving end in WDM systems. The amount of dispersion compensation 
is optimum when it perfectly matches the dispersion that accumulates in the signal as it transits the 
fiber. This 100 % compensation, however, may not remain true if fiber nonlinear effects 
significantly affect the signal [15] [16]. Because the fiber nonlinear effects change with the number 
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of channels, the dispersion compensation must be carefully considered so as to achieve system 
flexibility in terms of the number of channels. 



Number of Channels 

Figure 3.32 Number of WDM channels versus Electrical SNR of signal channel 

Figure 3.32 shows the measured results for the ESNR value of signal channel 3 with a dispersion 
compensation value of -lOOps/nm and Ops/nm for single-channel, 2channel, and 4-channel 
transmission. The 100% dispersion compensation value calculated from the zero dispersion 
wavelength and dispersion slope is about lOOps/nm for channel 3. Accordingly, the optimum 
dispersion compensation value is around -lOOps/nm if fiber nonlinearity is neglected. However, as 
shown by these measured results, decreasing the number of channels causes significant ESNR 
degradation with a dispersion compensation of -lOOps/nm. This is because SPM induced chirping 
increases with signal power, resulting in waveform distortion due to overcompensation in the -100 
ps/nm DCF. For the FSA-WDM system, dispersion compensation considering the variation in the 
number of channels is applied to each signal channel. This ensures system performance regardless 
of the number of channels, from single-channel to 4-channel WDM transmission. 


(7) WDM transmission performance 

Fig. 3.33 shows measured results for the OSNR and ESNR of each signal channel in 4-channel 
WDM transmission. It is found that good performance in all signal channels was achieved by 
employing all of the techniques described above. 
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Figure 3.33 Channel number vs optical and electrical SNR of each signal channel in WDM transmission 

3.3.2 OS-A/OS-W SYSTEMS 

This section gives the system design sample for the transoceanic submarine cable transmission 
line of OS-A/OS-W systems. The OS-W transoceanic system will be taken as an example because 
the WDM system design is more comprehensive in comparison to the single carrier system of the 
OS-A system. The specific system shown as an example is the lOGbit/s 16WDM 7500km 
transmission line using 980nm pumping EDFA technology. Table 3.2 shows the system parameters 
of lOGbit/s 16WDM transmission based on the design method given in Section 3.2. 

In order to cost effectively optimize the system by expanding the repeater span, the performance 
budget is calculated in the iterative way by changing the values of the parameters shown in Table 

3.2 together with the results of the system experiment as well as the computer analysis of the 
impairment sources. The performance budget is made for the worst case to satisfy the required 
performance for all channels. In addition, the system is often requested to meet the requested 
performance with margin even at the end-of-life (EOL). Table 3.3 shows an example of a 
performance budget for the worst channel of lOGbit/s 16WDM system. The performance budget 
shown in Table 3.3 ensures a ldB EOL margin. The items in the performance budget are explained 
in the NOTE. 

The specified Q-factors used in the performance budget can be illustrated as shown in Fig. 3.34. 







System Design and Implementation 99 


Table 3.2 System parameters of 10 Gbit/s 16WDM 


Parameter & Technology 

Value/Description 

Unit 

Line System Parameters 




Line Rate 

10.66 

Gbit/s 


Tributary Interface 

STM-64 



Number of Wavelength 

16 



Digital Line Section (DSL) Length (L) 

7500 

km 


Background Block Error Ratio (BBER) 

2.0x1 0' 9 xL 



Modulation format 

Chirped RZ 



Error Correction 

ITU-T G.975 



Repeater Span 

50 

km 


Number of Repeaters 

151 


Repeater 




Repeater Output Power 

14.2 

dBm 


Repeater NF 

4.8 

dB 


Number of Sub-system 

4 



Bandwidth 

12 

nm 


Gain flatness 

<10 

dB 

Fiber 




Average Fiber Attenuation 

0.215 

dB/km 


Span Loss 

11.1 

dB 



75 

[i m 2 



-3 

ps/km-nm 


LCF Dispersion Slope 

0.11 

ps/km-nm 


DSF Effective Area 

55 

[} m 2 


DSF Dispersion 

-3 

ps/km-nm 


DSF Dispersion Slope 

0.05 

ps/km-nm 2 


DCF Effective Area 

90 

M m 2 


DCF Dispersion 

17 

ps/km-nm 


DCF Dispersion Slope 

0.07 

ps/km-nm 2 

T ransmitter/Receiver 




Channel spacing 

0.8 

nm 


Extinction ratio 

13 

dB 


Receiver Optical Filter Bandwidth 

0.15 

nm 


Back-to-back Q-factor 

22 

dB 
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Table 3.3 Impairment budget for worst channel of 10 Gbit/s 16WDM 



Length 

7500 km 

Repeater Spacing 

50 km 

Optical SNR per Channel 

15.4 dB 


BOL 

EOL 

A 

MEAN Q Value (SNR Model) 

22.1 

19.0 

B 

Propagati on Inpairment 

4.4 


C 

Wavelength Tolerance Impairment 

0.2 


D 

Non-optimal Pre-emphasis Impairment 

0.5 


E 

Supervisory Impairment 

0.2 


F 

Manufacturing Impairment 

0.5 


G 

Enviromental Impairment 

0.9 


H 

Time Varing System Performance 

1.5 


1 

Line Q Value 

13.9 


J 

TTE Q Value (back-to back Q) 

22.0 


K 

Repair Margin 

Component/Fiber Aging Penalty 

Pump LD Failure Penalty 
Transmitter/Receiver Ageing 


1.2 

L 

System Q Value (BOL and EOL) 

13.4 

12.2 

M 

Q Limit for Compliasnce with G.826 

16.5 

16.5 

N 

Q Limit without Error Correction 

9.3 

9.3 

0 

BER without Error Correction 

1.0x1 O' 5 

6.0x10“ 

P 

System Margin 

2.2 

1.0 



Figure 3.34 Q-factors in performance Budget 
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(NOTE) 

Item #1: The MEAN Q value for BOL (Beginning-of-Lifetime) provides the baseline performance 
directly calculated by optical SNR based on the analytical SNR model given in (3.9) of Section 3.2. 
MEAN Q for EOL (End-of-Lifetime) is calculated from SNR with SNR degradation due repair and 
ageing indicated in Item #11. 

Item #2: Propagation impairment was derived from the test data of the line simulation system 
experiment to include the combined effects of the transmission degradation factors. The 
propagation impairments are caused by the interplay of fiber nonlinearity, chromatic dispersion 
and polarization effects in a complex way. The evaluation of this impairment on the test data is 
most appropriate especially in a long-haul system although the analytical result is supports 
justification of the experimental data. 

Item #3: For WDM systems, the precise adjustment and stabilization of wavelength in the 
transmitter together with the wavelength stabilization of the de-multiplexing optical filer at the 
receiver are important to minimize the effect of the wavelength deviation. For dense the WDM 
system, however, a small penalty needs to be allocated. 

Item #4: Imperfection SNR equalization due to pre-emphasis of the launch powers among 
wavelengths together with imperfection of EDFA gain equalization is evaluated based on the 
experimental data and SNR analysis with the specification parameters. 

Item #5: The penalty due to supervisory activity is caused by the superposition of the command 
and response supervisory signal and evaluated by the experiment. 

Item #6: The penalties caused by the manufacturing process originate from the variation from the 
designed repeater output power and cable loss, and the deviation of the designed dispersion 
management. The penalties are evaluated by the experimental results and a computer simulation 
with manufacturing tolerance. 

Item #7: Submersible conditions such as high pressure in deep sea and the temperature change 
cause fractional penalty in the submerged cable and repeater. The environmental test can provide 
the data of the parameter changes by which the penalties are evaluated. 

Item #8: Time variation 5 times the standard deviation of Q-factor fluctuation, which is evaluated 
by the extrapolation from the data of the experimental line system. 


Item #9: Line Q was obtained by subtracting the line performance penalties listed in Item #2 from 
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Item #8. 

Item #10: LTU Q is the back-to-back performance of LTU in SLTE. 

Item #11: EOL(end-of-life) margin including the effect of repair margin, pump failure, component 
and fiber aging and the transmitter and receiver aging. The repair margin is calculated based on 
the repair requirement assumption. 

The EOL margin is calculated by combining LTU Q with the degradation line Q due to repair and 
aging. 

Item #12: Using LTU Q in linear and Line Q in linear. System Q in linear can be approximated by: 


^ System ~ -i 

ih'ih . (3 ' 10) 

Note that this equation provides the upper limits of the system Q. 

Item #13: Q limit for compliance with G.826 is converted using (3.5) from the required BER 
calculated from the specified BBER at STM-64 with a block size of 1,244,160 bits in accordance with 
the system length. Conforming with G.826 concepts for a 27 500km Hypothetical Reference Path 
(HRP), the BBER performance for SMT-64 is allocated to DLS with L km as 


BBER = 


2 x m 4 
27500 


xL 


(3.11) 


The required BER is calculated by dividing BBER with the block size of the STM frame. 


BER = 


BBER 

1244160 


(3.12) 


Item #14: Q limit without error correction corresponding to Q limit for compliance with G.826. FEC 
used in the system conforms to ITU-T Recommendation G.975. The FEC error correcting 
characteristics are shown in Fig. 3.57 of section 3.5. With this error correcting curve, the line BER to 
satisfy the requested BER is found. For example, for the requested BER of 1 x 10 10 (Q‘=16.1dB) after 
error correction, line BER of 3 x lO" 4 (Q 2 =10.8dB) is allowed as Q limit without error correction. 


Item #15: BER without error correction is calculated from System Q indicted in Item #12. 

Item #16: System margin is obtained by subtracting Q limit without error correction from System Q. 
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3.4 WET PLANT 

3.4.1 CABLES FOR REPEATERED SYSTEM 
(1) Cable 

As a transmission medium, optical fiber has many remarkable characteristics such as low loss, 
wide bandwidth, etc. On the other hand, the optical fiber is so delicate and fragile against bending 
and external stress. Therefore, special cabling design different from the conventional coaxial cable 
were required to realize optical-fiber cables, especially optical fiber submarine cables under high 
pressure condition. 

KDD and NTT cooperated in designing cables for repeatered systems, which were called the 
OS/OFS. OS/OFS cables were designed to protect optical fibers from tension and water-pressure 
during handling, laying, burial and recovery as well as to keep a stable operation during the system 
design life over 25 years. The OS/OFS cables also provide extremely stable optical, electrical and 
mechanical characteristics against temperature changes and external forces such as tension, water 
pressure, bending, etc. The OS/OFS cable have been utilized for not only international submarine 
cable projects such as TPC-3, TPC-4, TPC-5CN, APCN, FLAG, SEA-ME-WE3, China-USCN and 
Japan-USCN but also domestic submarine cables such as the Hamada-Fukuoka, Niigata-Sapporo, 
Kagoshima-Naha Cables and the JIH. In the actual field, the excellent and stable performance of the 
OS/OFS cables has been confirmed. 

(A) Design 

The optical fiber submarine cables for repeatered systems mainly consist of light-guides made 
by Silica-based glass and power feeding copper conductors which supply electric power to 
submersible plants. The OS cables can accommodate maximum of four (4) fiber pairs (eight fibers) 
and the OFS cables can accommodate six (6) fiber pairs. The OS/OFS cables can mainly provide six 
(6) types of optical fiber submarine cables (LW, LWS, SAL, SAM, SAH, DA) in accordance with the 
applied water depth and sea-bed condition as summarized in Table 3.4. 
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Table 3.4 Main OS/OFS cable type 


No. 

Cable name 

Abbreviation 

Applicable water depth 

1 

Light Weight Cable 

LW 

up to 8,000 m 

2 

Light Weight Screened Cable 

LWS 

up to 8,000 m for laying 
up to 7,000 m for recovery 

3 

Single Armored (Light) Cable 

SAL 

1,500 m max. 

4 

Single Armored (Medium) Cable 

SAM 

1,000 m max. 

5 

Single Armored (Heavy) Cable 

SAH 

500 m max. 

6 

Double Armored Cable 

DA 

400 m max. 


The identical fiber unit structure is used for all types of cables above. Optical fibers are 
stranded around a copper clad steel wire embedded in UV-cured resin to form a cylindrical fiber 
unit. Water ingress into the cable is prevented by this resin. As examples, LW cable, basic OS/OFS 
cable and SAM cable, typical Single Armored cable, are introduced below. 

(a) LW cable 

The cable structure and mechanical characteristics of LW Cable are shown in Fig. 3.35. The fiber 
unit described above is placed in the center of the cable longitudinally. 

Three steel segments with fan-shaped cross section are assembled longitudinally over the fiber 
unit to form pressure resistant steel pipe (Three-divided Steel Pipe). The space between the fiber 
unit and inner wall of the pipe is continuously filled with urethane compound to prevent water 
ingress of longitudinal direction in case of cable fault. 
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Fiber Unit 

Water Blocking Compound 
3-divided Steel Segment 
Steel Wire 
Copper Tube 
Insulation (19 mmo) 

Sheath (22.5 mmo) 


Cable characteristics 


Items 

Value 

Nominal cable diameter 

22.5 mm 

Cable weight in air 

8.88 kN/km 

Cable weight in water 

4.98 kN/km 

Cable breaking load 

98 kN 

Minimum bending radius 

900 mm 


Figure 3.35 LW cable 


The tension member consists of fourteen (14) high tensile steel wires stranded around the steel 
pipe. The copper tape is applied longitudinally over the strand and the butting edges of the tape 
are seam-welded to form a tube. The oversize tube is then swaged down tightly on the tension 
member. The urethane compound is filled up among the tension member at regular intervals to 
prevent water ingress of longitudinal direction in case of cable fault. Low density polyethylene is 
extruded over the copper tube to insulate the power feed conductor. Over the low density 
polyethylene, a high density polyethylene layer is formed to protect the Insulation from abrasion. 
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Figure 3.36 Tension characteristics of OS/OFS LW cable 


The OS/OFS cable is also designed to inhibit water ingress and moisture into the cable under 
normal operating conditions. Urethane resin is filled between the optical fiber unit and the three- 
divided steel pipe continuously as well as among the high-tensile-strength steel wires at regular 
intervals in order to minimize any damage resulting from water ingress due to cable break. This 
technique is experimentally and theoretically proven in preventing water ingress in case of cable 
break. Furthermore, the cable is designed in such a way that cable and cabled fibers move together 
when the cable is elongated and restored. This design eases cable handling during storage, 
deployment and repair. Typical tensile characteristics of LW Cable are shown in Fig. 3.36. 

(b) SAM cable 

The cable structure and mechanical characteristics of Type SAM Cable are shown in Fig. 3.37. 
The Type LW Cable described above is placed in the center of this cable longitudinally. This cable 
can be applied in water depths of 1,000 meters at maximum, while taking note of the characteristics 
of Fig. 3.37. 

The inner serving consists of two layers of polypropylene yarn. Two polypropylene yarns are 
stranded in counter-clockwise and clockwise, respectively. The armoring consists of eighteen (18) 
galvanized steel wires of nominal 5.0 mm diameter. These wires are coated with bitumen 
compound and in helicoid stranded over the inner serving. The outer serving also consists of two 
layers of polypropylene yarn rolled over the armor wires. Bitumen compound is applied under and 
over each layer of the outer serving. The finished cable is coated with chalk. 
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Cable characteristics 


Same as Type LW cable 

Inner Serving 

Armor Wire (5.0 mmox18) 

Outer Serving (42 mmo) 


Items 

Value 

Nominal cable diameter 

42 mm 

Cable weight in air 

41.0 kN/km 

Cable weight in water 

29.3 kN/km 

Cable breaking load 

295 kN 

Minimum bending radius 

900 mm 


Figure 3.37 Type SAM cable 


(B) Summary of OS/OFS cable characteristics 


(1) Mechanical Characteristics 

(a) Cable tensile strength 

(b) Water pressure resistance 

(c) Water ingress 


Shown in Table 3.5 
More than 78 MPa 

Less than 250 m/14days at 1,000 m water depth. 
Less than 1,000 m/14days at 5,500m water depth. 


(2) Electrical Characteristics 

(a) Insulation resistance 

(b) DC resistance 

(c) Resistance to high voltage 

(d) Capacitance 


More than 2xlO n ohm-km after application of 0.5 kVDC 
between the copper tube and earth for 5 minutes or more. 
Less than 0.70 ohm/km (3(C) 

Cable withstands 35 kVDC applied between the copper 
tube and the earth for 5 minutes. 

Nominal 170 nF/km 
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Table 3.5 Tensile strength of OS/OFS submarine cable (Unit [kN]) 


Cable Type 

NPTS 

NOTS 

NTTS 

FBL 

CBL 

LW 

23 

63 

80 

98 

98 

LWS 

23 

63 

80 

98 

98 

SAL 

90 

140 

185 

250 

250 

SAM 

112 

147 

186 

295 

295 

SAH 

143 

212 

247 

379 

379 

DA 

245 

323 

421 

736 

736 


NPTS: Nominal Permanent Tensile Strength, which the cable/fiber can support (the Network 
staying in compliance with the performance requirements of this Specification) during the 
system design life. 

NOTS: Nominal Operating Tensile Strength, which can be applied to the cable during the time 
necessary for the cableship to make three full line cable joints, once the cable has been 
recovered, without significant reduction of NPTS. 

NTTS: Nominal Transient Tensile Strength, which can be applied to the cable during a 
cumulative period of one hour, without significant reduction of the NPTS/NOTS. This 
condition is typically encountered during recovery operations. 

FBL: Fiber Breaking Load, which when applied to the cable may result in an instantaneous fiber 

break 

CBL: Cable Breaking Load, which when applied to the cable may result in an instantaneous 
cable break. 

(2) Joint box 

In extending the repeater spacing and repairing the cable, a joint box is used. Like the submarine 
cables, the joint box is designed to withstand the high water pressure and the high tension during cable 
loading, laying, and recovery. Compared with the joint box for the coaxial submarine cables, key 
difference resides in the presence of adequate fiber accommodation against the conceivable long term 
stress due to fiber bending. 

The basic structure of the joint box for armorless cable is shown in Fig. 3.38. 















System Design and Implementation 109 


Anchor Insulator Anchor 



(A) Design 

(a) Fiber splicing point 

Optical fibers are fusion-spliced because of the considerations of low splicing loss and long term 
stability. The splicing point is reinforced by a heat shrink tube or UV coating material. For these splicing 
activities, some spare lengths of fibers are required and these spare lengths of fibers are carefully 
accommodated on the fiber winding bobbin, keeping a constant bending radius. 

(b) Tension termination 

The tension wire of submarine cables is terminated at the anchor disk in the joint box. To terminate 
the tension of the submerged cables, mechanical grip by a taper holder and some adhesive are utilized so 
that a similar tensile strength to the cables is available. The tension of the cables is propagated to the next 
cable section through the pressure housing of the joint box. 

(c) Pressure housing 

The pressure housing is designed to protect the optical fibers from high water pressure and external 
stress due to bending and to convey the cable tension to the next cable section. Therefore, the housing 
applies the high strength metal housing and is sealed to prevent the optical fibers from moisture 
penetration. The pressure housing is covered by a protection cover made of long-term reliable Be-Cu. 
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3.4.2 Submarine repeater 

In this section, we describe two design examples of the submarine optical amplifier repeaters. 
One is developed for 1,000 km applications. The other is for transoceanic distance applications. 
These optical submarine repeaters require high reliability in submerged conditions, because 
systems consisting of a large number of repeaters should meet typically up to 3 ship repair 
requirements throughout their 25 year design life. This system requirement imposes stringent 
reliability requirements on each optical amplifier repeater. To achieve such high reliability, the 
optical amplifiers in the repeater are designed with extremely highly reliable components. At the 
same time, from the architectual point of view, optical amplifiers are designed with self-healing 
characteristics together with excluding switching elements which cause system unavailability in the 
event of switching over. In addition, although the remote supervision of the repeater is essential, 
the element for the supervision in the repeater is also designed so as not to influence the repeater in 
the event of the failure of the supervisory element. 

In the following two repeater design examples, the main difference is the optical field design 
parameters, which come from the introduction of optical amplifier transmission technologies and 
related new supervisory technologies. Most of the other field designs of FSA or OS-A/OS-W, such 
as the mechanical thermal design of pressure housing and feedthrough, are similar to each other 
because they were accomplished before 1990 through the development terms of the coaxial and 
optical regenerative repeatered systems. Here, we show one example in these field designs. 

(1) Optical design 

(A) Repeaters for FSA system 

The repeater span can be maximized to 100 km to reduce the total repeater cost. The repeater 
consists of 12 optical amplifiers, which enables 6 fiber pair transmission systems. Also, the repeater 
has an SV system, which can control and monitor several parameters from the land station. The 
main specification is shown in Table 3.6. 
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Table 3.6 Repeater specifications 


Repeater span 

100 km 

Signal Wavelength 

1552 nm 

Optical bandwidth Control 

Optical Filter 

Pumping 

Forward pumping 

Optical Output 

6 dBm 

Capable fiber pairs 

Max. 6 Fiber Pairs 

SV Signal Transmission 

Control signal:Subcarrier ASK@100bit/s 
Response signal: Subcarrier FM 


The EDFA configuration for FSA repeater is shown in Fig. 3.39. An erbium-doped fiber, a 1.48 
um pump laser and a WDM coupler are the basic parts of the amplifier. Several components are 
used to increase system performance. The optical isolator prevents the amplified optical signal 
from being fed back into the amplifier. An optical filter of 10 nm bandwidth (full width half 
maximum) and almost Lorentzian shape port to remove unwanted ASE noise and to manage the 
amplifier's optical passband. Part of the optical output by a coupler and detected by a photo diode. 
Then, it is superimposed on the pump laser bias current for controlling the optical output power 
level. This automatic level control (ALC) circuit maintains the output optical power, a parameter 
determining the SNR, exactly at 6dBm, regardless of the input power. This also ensures reliable SV 
signal detection. 
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Figure 3.39 Configuration of erbium-doped optical amplifier for the FSA repeater 


The SV circuit samples the command signals as captured from the optical signal by the photo 
diode, and then executes the enclosed instruction or creates a response signal by modulating the 
pump laser bias current. Since EDFA gain changes with pumping power, the line signal passing 
through the amplifier can be overmodulated by the response signal [17]. A pair of lines, which 
transmit optical signals in opposite directions, are connected to each other at amplifier output ports 
to form an optical time domain reflectometry (OTDR) loop-back path [18]. 


One of the significant parameters characterizing an optical amplifier is the noise figure (NF), 
which determines the SNR of a system. The mean and standard deviation of NF were 6.0 dB and 0.2 
dB, respectively. PDL is also a significant parameter because it can make the SNR fluctuate with 
the polarization state of the signal [19]. The mean and standard deviation of the PDL values were 
around 0.06 dB and 0.04 dB, respectively. The PDL of FSA for EDFA repeaters does not exceed 0.2 
dB. 


Another polarization dependent effect that must be considered in repeater design is PMD , 
which accumulates with the number of EDFAs. The average and standard deviation of measured 
PMD were 0.09 ps and 0.04 ps, respectively. The PMD of FSA repeaters does not exceed 0.25 ps. 

The control and monitor items of the FSA supervisory(SV) system are shown in Table 3.7. Using 
SV signal transmission between the terminal equipment on the land and submarine repeater, we 
can monitor the important parameters to supervise the transmission condition, repeater input 
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optical power and output optical power, and the parameters to supervise the repeater conditions, 
pump laser diode injection current and repeater temperature. The SV signal can also change the 
maximum output power to get best transmission performance. The block diagram of the 
supervisory signal transmission system is shown in Fig. 3.40. For the system, we must consider the 
requirements such as : 

(i) Negligible impairment of main signal transmission performance with SV signal transmission 

(ii) Capability of SV operation even if the main signal transmission performance degrades. 


Table 3.7 

Functions of the supervistory system 

Items 


Control Functions 

Maximum output power change 

Shift register clear 


Repeater Input Optical Power Monitor 

Monitor Functions 

Repeater Output Optical Power Monitor 

Pumping LD Bias Current Monitor 


Repeter Temperature Monitor 
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Figure 3.40 Block diagram of the supervisory signal transmission system 
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When the accumulation of ASE dominates the transmission performance of the system can be 
obtained by using the ratio between the average energy-per-bit of the line optical signal and the 
optical noise density in front of the receiver and the signal-to-noise ratio in the baseband [20]. The 
degradation of the line signal transmission performance, depending on subcarrier modulation 
depth can be calculated by the model shown in Fig. 3.41. The calculated penalty is shown in Fig. 
3.42 with well matched experimental results. The parameter of the experiment is as same as those 
of the FSA system. 


Voltage 



(PDF) 


Figure 3.41 Interference of SV subcarrier on the line signal 
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Figure 3.42 Line signal SNR penalty vs subcarrier modulation index 

As shown in the figure, the line signal SNR penalty is less than 1 dB when the subcarrier 
modulation index is less than 5%. 

Another important parameter to determine the subcarrier modulation index is Subcarrier SNR. 
Usually, the line signal interference noise dominates the subcarrier SNR. The calculation results 
under such an assumption are shown in Fig. 3.43 with the experimental results. In this case, the 
parameter of the experiment is also the same as those of the FSA system. As shown in Fig. 3.43, 
Subcarrier SNR is more than 25dB, which is enough to transmit an SV signal, if the Subcarrier 
modulation index is more than 5%. 
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Figure 3.43 Subcarrier SNR dependence on subcarrier modulation index 

Further, the subcarrier frequency of the response signal and the control signal should be 
allocated considering the specified gain modulation efficiency of pump laser modulation[5], 
(modulation depth of output signal/modulation depth of pump laser output) and the optical 
amolifier response, which is the transparency of the cascaded amplifiers, considering saturation 
effects. Figure 3.44 shows the measured frequency response characteristics of the 
systems'transparency and EDFA gain modulation. The cascaded EDFA's exhibited a high pass 
response with a cutoff frequency ( 3dB down in power) of 4.5kHz. This result indicates that the 
subcarrier frequency should be higher than several kHz to avoid significant attenuation. In 
contrast, the EDFA gain modulation efficiency showed a low pass frequency response which 
monotonously decreased at frequencies higher than 100Hz, thereby limiting the subcarrier 
frequency for the response signal to a lower range. 
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Figure 3.44 Frequency response of EDFA cascades and gain modulation 


We showed that allowable subcarrier modulation indices that do not make the line signal SNR 
penalty, exceeding ldB, were 5.4%. (see Fig. 3.42). The modulation index to accurately receive the 
response signal at terminal equipment is about 1%. (see Fig. 3.43) It follows that attenuation of 
modulation index can be permitted up to 1/5.4 (14.6dB) or 1/2.8 (8.9dB) for each line signal 
penalty. Considering some practical margin, the subcarrier frequencies used for response signal 
transmission are determined in the range from 5 to 10 kHz. Command signal transmission can use 
frequencies above 10kHz. 

(B) Repeaters for OS-A/OS-W systems 

This section describes the optically amplified submarine repeaters developed by KDD for long- 
haul application, addressing the optical and mechanical characteristics. 

The main feature of the design concept is mentioned at the top of the section. 

(a) Design objectives 

The following is a summary of the major design objectives for OS optical amplifier repeaters. 

• Bit-rate insensitive and wide band even for WDM system transmission 

• Modular repeater design to accommodate from one to four amplifier pairs 

• Simple repeater design and the minimal number of components 

• Minimal current and power consumption 

• Full qualification of all amplifiers and other components during manufacturing 

• Protection against current surges induced by line faults 

• Protection against short-circuit or other failures in components 






118 Optical Submarine Cable Systems 


• Self-regulation and passive redundancy within each amplifier pair 

• Monitoring capability to facilitate preventive maintenance and efficient fault localization. 

The repeaters can provide optical amplification for up to 8 fiber pairs. A range of amplifier gains 
are available, allowing implementation of cost-effective repeatered line segments. The repeater has 
no switchable element or operating characteristics that are adjustable after deployment. This 
simplicity is an important feature of the overall system design. There are no mechanisms in the 
submersible plant that can cause a system outage, and the probability of a repeater failure requiring 
ship repair is minimized by the elimination of failure modes from the repeater. 

The repeaters are equipped with fully qualified terminations to join the repeaters to any class of 
submersible cable designed by KDD. Termination design details differ with cable type, but all of 
the cable/repeater joints required by the proposed system design present established termination 
designs. In some repair scenarios, a piece of transitional cable may be required between the repeater 
and the nominal cable type deployed in a given portion of a repeatered line segment. The repeaters 
can be deployed in, operated at, recovered from and re-laid to a depth of 8,000 meters. 

(b) Amplifier repeater architecture 

The repeater sub-unit providing a bi-directional amplification consists of an optical amplifier 
pair, an optical pumping unit, and a supervisory unit. The passive supervisory circuit was 
implemented in a passive as well as an active way. The passive supervisory circuit was 
implemented by the command and response electrical digital circuit. Details of the description of 
supervisory units are given in Section 3.5.2. The repeater has no high-speed electrical circuits and is 
configured in a very simple architecture, which enhances reliability and functional robustness. 

Figure 3.45 shows the high-level block diagram of the subsystem unit of an OS-W repeater using 
980nm pumping and active supervisory system. The operation of each amplifier pair is independent 
of the components used for the other amplifier pairs in a repeater. Except for the effects of an open 
circuit failure of the power path through the repeaters, there are no sympathetic failure modes 
among the amplifier pairs of the repeater. 

The amplifier uses an EDF excited by pump power at 980nm propagating in the direction 
opposite to the signal propagation. This configuration minimizes optical loss before input to the 
amplifier, contributing to the low noise figure of the amplifier. The pump power is coupled into the 
EDF through a WDM coupler designed for optimal performance of signal band and 980nm for the 
transmission path and pump path, respectively. The optical isolator prevents growth of backward 
propagating optical power along the optical section (repeatered line). A gain equalizer is required 
to obtain a flattened gain shape throughout the system. Monitor couplers are essential to the line 
monitoring system. 
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Figure 3.45 Schematic block diagram of OS-W repeater 

Each amplifier is optically connected to fibers in the attached cable sections through single¬ 
mode fiber pigtails. These pigtails are color-coded to allow unambiguous identification of the input 
and output fibers of each amplifier. The color-coded plan used for repeater pigtails is the same as 
that used for cabled fiber. 

The physical design of the repeaters is consistent with the equipment handling capabilities of 
the installation and/or repair ships expected to be candidates for use as installation and 
maintenance vessels for this system. 

(c) Nominal parameters 

Table 3.8 shows the nominal optical and mechanical characteristics of the optical submarine 
repeater for single channel OS-A systems as well as 64 WDM channels OS-W systems. 
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Table 3.8 Major parameters of OS-A and OS-W optical amplifier repeaters 


Parameter 

OS-A 

OS-W (10G64WDM) 

Data speed 

5 Gbit/s 

10 Gbit/s 

Line code 

NRZ 

RZ 

Nominal Repeater Spacing 

33 km 

50 km 

Operating Wavelength 

1558.5 ± 1 nm 

1535-1560 nm 

Nominal Gain 

7dB 

12 dB 

Nominal Output Power 

4 dBm 

14 dBm 

Noise Figure 

6dB 

4.8 dB 

Number of ampflier pair 

4 

8 


(d) Amplifier operation 

The amplifier pair is the basic sub-unit in a repeater. It has three main jub-processes optical gain 
at the signal wavelength, optical pumping, and supervisory circuitry in a pair to support the 
monitoring of the health of the submersible plant. The architecture of the amplifier pair is shown in 
Fig. 3.45. There are no high-speed electrical circuits in the amplifier pair, and the simple 
architecture enhances reliability and functional robustness. 

• Optical gain 

The main process performed by the amplifier pair is optical amplification of signals at 
wavelengths with bandwidth of more than 20nm. The gain-versus-wavelength characteristic of the 
amplifier with gain equalization filter is flat enough to transmit WDM signals over transoceanic 
distances. Nominal gain is achieved at the nominal input power, and gain decreases as input power 
increases, a characteristic called gain compression. Unlike electrical amplifiers, gain compression in 
an optical amplifier does not cause signal distortion, and the optical gain process is independent of 
signal frequency from a few kilohertz to many Gigahertz. An example of input optical power vs 
gain/noise figure is shown in Fig. 3.46. 

The compression characteristics of the repeater are central to the design and reliability of the 
system's optical transmission paths. A series of amplified repeater sections are self regulating with 
regard to optical signal level. Any decrease in the input to one amplifier will result in higher gain 
from that amplifier, and within a few amplifiers in a repeatered line, the operating signal level will 
be restored to its nominal value. These characteristics allow the repeatered line to minimize the 
degradation of signal quality resulting even from large increases in losses of individual optical 
components. 
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input power [dBm] 


Figure 3.46 Optical gain characteristics for input power 


• Optical pumping 

A key feature of the repeater design is the pumping scheme used for the optical amplifier. 
Outputs from four pump laser diode modules are combined with two polarizing-beam-splitters and 
a 3 dB coupler, as shown in Fig. 3.45, and the two outputs of the 3 dB coupler deliver optical pump 
power to the two amplifiers in an amplifier pair. 

This architecture requires a small number of parts and eliminates a number of failure modes 
inherent in many feedback or externally controlled pump designs, yet it provides on-line, active 
pump redundancy. Each pump laser delivers a fixed output power which is split between the two 
amplifiers of the amplifier pair. Even the complete failure of three of the pump lasers in a pump 
unit will not cause transmission failure in the digital line section, not even for one second, because 
the pump power from the remaining laser is large enough to keep the reduction of the amplifier 
gain from its nominal value of less than several dB. 

As described above, the self-regulating nature of the optical line immediately compensates for 
the reduced input power to downstream amplifiers, with a net change in signal quality at the 
receiving terminal which is much smaller than the margins designed into the optical section. 

The reliability of the pump unit is further enhanced by the design of the pump controller 
circuits. The current driving a pump laser diode is controlled by a low speed circuit, which is also 
designed to protect the system. Failure of an integrated circuit, power transistor, or regulating 
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diode associated with the control of one pump laser diode cannot, in most cases, result in 
significant changes to the operating point of the other laser diode in the pump unit. 

• Supervisory circuit 

Upon the receipt of a command signal from a landing station, each optical amplifier can monitor 
the total output power of the amplifier and the laser current of each pump laser, and can send the 
monitored data to the terminal. The command signal is transmitted to a relevant amplifier with the 
traffic signals, and is detected in the amplifier through the monitor coupler, as shown in Fig. 3.45. 
The response data from the amplifier is superimposed onto the output of the amplifiers, and is 
transmitted with the traffic signals to the terminal. This function provides effective tools for 
monitoring the health of an optical section. 

A set of monitor couplers placed at the output of a optical amplifier pair establishes a bi¬ 
directional optical path called "the OTDR path". The OTDR path in each amplifier pair allows the 
Purchaser to diagnose transmission problems by generating an OTDR trace for an entire optical 
section. This is an out-of service maintenance feature requiring the use of a special piece of test 
equipment, the coherent optical time domain reflectometer. 

The OTDR path provides the repeater features that support powerful and effective tools for 
monitoring the health of an optical section. In the event of a system failure, this monitoring system 
permits localizing the failure to, and in some cases within, a specific repeater span. The path is 
established with highly reliable optical couplers, and most failure modes of the OTDR path have no 
discernible effect on data transmission through the optical section. 

(2) Mechanical and the other design 

Most of the design methods of mechanical, thermal, pressure housing, and feedthrough are 
similar to each other, because they were accomplished before 1990 through the development terms 
of coaxial and optical regenerative repeatered systems [21], [22], [23]. Here, we describe one 
example of these field designs. 

(A) Mechanical design 

The basic design method used for the optical amplifier repeater is the same as that used for 
coaxial and optical submarine repeaters. The FSA repeater is designed to accommodate up to six 
amplifier pairs and OS-A/OS-W repeater up to eight amplifier pairs. The optical and electronic 
circuits are mounted on assemblies inside a pressure housing, which is composed of beryllium 
copper alloy. Owing to the selected materials, this housing is preserved against corrosion. There 
fore any cathodic protection of the housing is unnecessary. Moreover, the housing can withstand 
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hydrostatic pressures at depths of down to 8,000 meters [21]. 

From the point of assembly, the housing with consisting components are designed to be capable 
of withstanding shocks and vibrations that are expected during transportation, installation and 
recovery. The repeater can thus be laid and recovered by existing cable ship machinery. The 
repeater factory can refurbish a repeater provided for the system throughout the life of the system. 
The repeater housings are de-mountable at the repeater factory. 

The repeater is mechanically divided into two parts, i.e., a repeater inner unit, which contains 
four (OSA/OS-W) or six (FSA) complete subsystems at maximum, and a pressure housing, which 
protects the inner unit from the high-pressure environment even at depths of down to 8,000 meters. 
Table 1 shows the typical mechanical characteristics of repeaters. 

(B) Thermal design 

The optical submarine repeater is designed to be suitable for use at all temperatures in the 
ranges typically from 0 to 35 °C. Heat management is accomplished by placing electrical 
components, which mainly generate heat, close to the surface of the amplifier pair module where it 
can be in contact with the outermost part of the repeater chassis. The inner temperature rise is 
suppressed to less than 8 °C above the temperature of the repeater housing. There is an insulating 
layer between the electronics and the beryllium-copper housing, however, and good thermal 
properties have been realized by making the contact area large. 

(C) Pressure housing 

The pressure housing consists of a pressure-tight cylinder, feedthrough cover assemblies, joint 
rings, cushions, and other components. Figure 3.47 and 3.48 show the structure and a picture of the 
pressure housing, respectively. The pressure housing is designed to withstand a sea depth of 8,000 
meters. The air-tightness should be kept at less than 20% RH in the pressure housing during the 25- 
year or more time period. The pressure housing is composed mainly of a beryllium copper alloy, 
which has high mechanical strength and excellent corrosion resistance. These technologies ensure 
the use of the submarine repeater for a service life of longer than 25 years. A more detailed 
description of each part is as follows. 
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Figure 3.48 Repeater unit example 

(D) Feedthrough cover assembly [22], [23] 

The feedthrough cover assembly is used to introduce optical fibers and a power feeding cable 
into the optical repeater, while it prevents water to enter. It consists of a feedthrough assembly and 
a pressure housing cover. In the feedthrough assembly, an optical fiber seal is combined with that 
of an electrical power feed line. Since eight optical fibers at maximum together with an electric 
power feeding line must be introduced into the repeater, the feedthrough structure is developed to 
incorporate an optical fiber seal into the inner power feeding conductor as shown in Fig. 3.49. This 
provides a power path to the repeater in a polyethylene molded feedthrough seal similar to those 
used in conventional coaxial systems. 
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Figure 3.49 Feedthrough 


The solder method is utilized to seal the optical fibers because it has excellent long-term stability 
even under severer environmental conditions. The feedthrough, which is used for the submarine 
repeater, can maintain a 20% RH in the pressure housing for longer than 25 years. The feedthrough 
can completely prevent water from entering a repeater even if the cable is broken at a short distance 
from the repeater. 

(E) Cable coupling 

The cable coupling is used to connect the cable and the repeater, and is required to withstand 
conceivable water pressure, insulation and anchoring like the submarine cable. The fiber from the 
repeater is connected with the fiber from the cable in the cable coupling. Figure 3.50 shows an 
example structure of cable coupling for an armorless cable. A gimbal provides a minimum angular 
displacement capability of about 60 degrees from its normal axis in any direction of bending. 
Basically, the way to terminate the cable and fiber is the same as that of the joint box. In the case of 
cable coupling for armored cables, each armor wire is anchored to the coupling housing through 
crimping. 



Figure 3.50 Cable coupling 
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(F) Tolerance to shock and vibration 

Characteristics of the repeater unit are free of any abnormality under the condition that such 
vibrations as described below are applied in three axial directions for 30 minutes. 

• Vibration frequency range: 5 to 55 Hz 

• Total amplitude: 1.5 mm 

• Repetitive cycle: 1 to 2 minutes 

Characteristics of the repeater unit are free from any abnormality to the impact as stated below 
and up to 100 G acceleration. Waveforms of this impact are of the saw tooth type. 

• Acting time: 6 msec. 

• Applied direction: 3 axial directions 

(G) High voltage and surge protection 

The repeaters are protected against surge currents accidentally caused by a short circuit at any 
point in a cable system even when the cable is charged to the maximum output voltage of the power 
feed equipment. This function has been not only demonstrated in laboratory tests of repeaters and 
cable, but also confirmed by system field experience. Although the repeater can continuously 
withstand 12 kV without affecting the system design life, the repeater is capable of sustaining 
surges up to 15 kV with respect to sea ground without dielectric failure. This is also verified by 
tests during repeater manufacture and is consistent with cable voltage testing. 

(H) DC and low frequency characteristics 

The low DC current and low frequency characteristics of repeaters are important for fault 
localization. The repeater capacitance is typically 1,000 pF and the DC insulation resistance exceeds 
2,000 mega-ohms at 500 volts. When the system is powered, the insertion loss of the repeater 
against the 0 to 30 Hz electrical signal is negligible, because it shows very low dynamic resistance of 
voltage regulator circuits as for such signals. This characteristic is very important for "electroding" 
activities. On the other hand, when it is not powered, the series resistance is a function of the 
number of amplifier pairs or controllers in a repeater but it is always less than 600 ohms per 
controller. 

3.4.3 OPTICAL SUBMARINE BRANCHING UNIT 

(I) BASIC FUNCTION OF BRANCHING UNIT 

The branching unit (BU) enables multi-point network configuration for the optical submarine 
cable systems. BU can branch the fraction of the fiber pairs from the trunk cable and combine the 
fiber pairs in the branch cable with expressed fiber pairs. In WDM systems, a color branching 
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system is available instead of the fiber pair branching system. Using multiple BUs, various network 
configurations can be implemented. 

The color branching system is implemented with optical wavelength add/drop circuits. An 
example of color BUs applied to the Trunk and Branch network is shown in Fig. 3.51. BU#1 
incorporates optical switches and BU#2 and #3 are the optical wavelength add/drop BUs. In 
addition, a BU can accommodate the optical amplifier to adjust optical power levels. The optical 
switches in a BU express the add/drop wavelengths in the event of the cable faults. These switches 
can be remotely controlled by the power feeding procedures. 



Figure 3.51 Color branching system applied to trunk and branch network 

Power path switching is another important function of BUs. The power switches consisting of 
vacuum relays that alter the power feeding direction to reconfigure the powering system in the 
event of the branch cable failure. The power path switch is activated by powering procedures 
among cable stations. 


(2) Mechanical and environmental design 


The BU housing is designed based on the same concept of submersible repeaters. The 
dimension and design are modified to have a handling compatibility with the conventional cable 
ship for laying and recovering operations. BU structure is specifically designed to handle the three 
cables. Figure 3.52 shows the BU with cable coupling and the structure of the housing unit. The 
mechanical structure was designed to withstand any stress which is experienced in laying and 
recovering at depths of up to 7000 meters. 
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Figure 3.52 Mechanical structure of color branching unit 


The radius of BU housing is larger than that of an optical repeater because it must have two 
cable chambers at the end of one side. 

The BU is capable of maintaining its performance specifications throughout its system design 
life with housing temperatures from 0 °C to +35 °C, and can also be stored in the range of -20 °C to 
+40 °C. 


(3) Electrical circuits design 

The electrical circuit of the BU is designed to have the capability of power re-configuration in 
the case of the network fault. The BU can be operated by three kinds of power path configurations 
such as (a) [trunk (+) to trunk (-)], (b) [trunk (+) to branch (-)] and (c) [trunk (-) to branch (+)]. 
Figure 3.53 shows an example of BU power path configuration. 

Configuration (a) is used in normal conditions. The sea earth of the BU grounded the branching 
cable. Once a fault happens at trunk cable on the right side, relays change power feeding path so 
that power is fed from the trunk cable to the branch cable and the BU is grounded as shown in Fig. 
3.53 (b). When a fault occurs at the trunk on the left side, the BU is grounded and a negative 
voltage is applied from both the trunk cable and the branch cable. 
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Figure 3.53 Power path configuration for BU 

Each power path configuration is controlled by a power switching circuit consisting of double¬ 
pole double-throw contacts (2PDT) vacuum relays, zener diodes and resistances the same as the 
BUs adopted for the regenerator systems. The activation and release current of the relay is obtained 
at about 60mA and 30mA, respectively. Because of this low operation current of the power relay, 
voltage difference between a power line side contact and an earth side contact of a relay during the 
powering procedures is restricted to less, than a few hundred volts where the relay of the BU can 
operate safety. 

Figure 3.54 indicates a basic power circuit diagram for the BU shown in Fig. 3.53. When power 
feeding is established between Station A and Station B, the branch cable connected with Station C 
will be grounded under the activation of K1 and K4 relays. Relay K4 is for a self-holding circuit of 
the branch leg to avoid unstable switching in the event of cable fault in a trunk cable. When fault in 
the cable connected to Station B is occurred, reconfiguration to establish power feeding between 
Station A and Station C is possible. 
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DZ1 



Figure 3.54 Basic power circuit of BU 

(4) Optical circuit of color branching unit 
(A) Optical Add/Drop circuit 


The optical add/drop function can be performed by the optical ADM, which consists of optical 
filters. Multiple optical filters in the optical ADM enable multiplex and de-multiplex the 
designated colors among branch-fiber-pairs and trunk-fiber-pairs. The optical branching/combiner 
(OBC) separates the dropped signals from different optical ADMs at different fiber pairs into one 
branch fiber and divides the signals to be added to the different ADM blocks as shown in Fig. 3.55. 
The OBC block can helps us to reduce the number of branch fibers by half. 
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Figure 3.55 Optical Add/Drop circuit of color branching unit 
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Figure 3.56 shows the typical optical spectrum after the BU when four wavelength channels are 
dropped: CHI from fiber pair #3 and CH4, 6 and 8 from fiber pair #4. Moreover, channels not to be 
dropped are well suppressed with more than 25 dB. We designed optical circuits in the BU so as 
not to cause any remarkable degradation of signal quality. 



1550 1556 1562 

Wavelength [nm] 

Figure 3.56 4 Channel drop by optical ADM by color BU for 8WDM system 

(B) Optical switching circuit 

Optical switches can be inserted to by-pass the branching station in the case of branch section 
fault as shown. Once a fault occurs at a branch cable, the state of switches is changed so as to make 
traffic go through the BU. To maintain high reliability in this optical circuit, we use an optical 
switch based on magnet-optic effect instead of the mechanical type. 

3.5 TERMINAL EQUIPMENT 

3.5.1 SUBMARINE LINE TERMINATING EQUIPMENT 
(1) FSA-WDM SLTE 
(A) Basic configuration 

Figure 3.57 shows the basic configuration of the FSA-WDM submarine optical transmission 
system. This system allows wavelength channels to be added and removed one-by-one according 
to the system requirement. On the transmitter site ((a) in Fig. 3.57), the incoming STM-64 (9.95- 
Gbit/s) signals is protected by adding FEC code (Reed-Solomon [255,239]: ITU-T standard) to each 
STM-1 (156Mbit/s) frame unit. The FEC circuits in the transmitter and receiver ensure an adequate 
system Q-factor at the receiver. An RZ modulation format is employed at a channel rate of 10.66 
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Gbit/s (with FEC code) so as to improve receiver sensitivity. For each wavelength channel, pre¬ 
emphasis level is adjusted by a variable optical attenuator (VAT) at the input port of the AWG 
optical multiplexer (OMUX). The receiver ((b) in Fig. 3.57) demultiplexes the WDM signal at each 
wavelength by the AWG, runs the FEC checks, and regenerates the STM-64 (9.95Gbit/s) signal. The 
DCF is used for each of the waveform signals to compensate the waveform degradation by the fiber 
chromatic dispersion. 


(a) 


Transmitter 


Junction bay Main bay 



(b) Receiver 


From transmiiter site 



Figure 3.57 Configuration of the FSA-WDM submarine optical transmission system 


(B) Remote supervisory system 

An existing FSA system employs supervisory control signal transmission method that 
superimposes on the line signal (single-channel) to realize the in-service remote monitoring of the 
optical repeaters. Control signals from the common unit in the terminal equipment are transmitted, 
being superimposed as sub-carrier amplitude shift keying (ASK) signals on the line signal. If the 
same supervisory control system is to be implemented in an upgraded WDM system, the sub¬ 
carrier must commonly apply the WDM signal. As the transmission method of supervisory control 
signals that are not dependent on the number of wavelength channels, we employed a sub-carrier 
modulation scheme based on Raman amplification. This modulation method lets us use the same 
supervisory controllability as that of a single-channel system. 
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From the viewpoint of transmission quality monitoring, this system is designed to detect an 
error rate at the receiver side. The number of error bits is automatically counted through an error 
correction process in the FEC circuit for each wavelength channel. This system provides rate 
monitoring in the submarine section to detect the transmission quality from a supervisory control 
terminal all the time [24]. 

(C) Terminal equipment 

The terminal equipment per fiber pair (subsystem) of an FSA-WDM system consists of a main 
bay with a wavelength division multiplexing (WDM) unit and a common unit, and a junction bay 
with optical transmitters/receivers (tributary) units for four wavelengths. Using eight bays, i.e., 
two main bays and six junction bays, we can expand this system to up to six fiber pairs (six 
subsystems). Furthermore, we can connect the supervisory control system to the common unit via 
the bay front or a modem through a telephone line to use either direct or remote supervisory 
control from a supervisory control terminal (personal computer). 

In service state, this system is designed to allow a package to be hot-swapped so that signal 
wavelength channels can be added or removed without any transmission quality degradation of the 
active channels and/or performance degradation of the optical repeaters. 

(2) OS-A/OS-W SLTE 

Submarine Line Terminating Equipment (SLTE) transforms the standardized SDH signal to the 
optical line signal optimized to be capable of transporting the submarine capacity through the wet 
plant. For the transoceanic distance system, the wet plant consists of number of amplifier repeater 
spans, which significantly impair the line signal. To combat such impairments, SLTE developed by 
KDD furnishes the unique capabilities in optical transmitter and receiver. SLTE consists of the 
units providing each functionality as required. 

The initial version of SLTE was developed as OS-A 5GSLTE to transport 5Gbit/s signals with a 
single wavelength. In the introduction of the WDM system to the submarine system, OS-W SLTE to 
transport WDM signal was developed. The configurations of both SLTEs are described in detail. 
The following are major features of OS-W SLTE although the subset of these features are provided 
in OS-A SLTE. 

(1) Chirped RZ pulse format to reshape optical waveforms 

(2) Polarization scrambling to reduce the polarization effect 

(3) Forward Error Correcting (FEC) function 

(4) Dispersion compensation to minimize the residual chromatic dispersion effect. 
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(5) WDM multiplexing and de-multiplexing for WDM systems. 

The configurations of OS-A and OS-W SLTEs are described in detail. 

(A) OS-A 5G SLTE 

OS-A SLTE was developed to carry capacity with a single wavelength at a line rate of 
5.33Gbit/s. OS-A SLTE consists of two elements, the 5G Line Terminating Unit (LTU) and Common 
Function Unit (CFU). The CFU incorporates compensation of fiber chromatic dispersion together 
with auxiliary functions. A block diagram of the 5G LTU together with CFU is shown in Fig. 3.58. 

The 5G LTU accommodates three types of shelf such as Optical Sender (OS), Optical Receiver 
(OR) and Communication (COM) shelves. 


Line Terminating Unit Common Function Unit 

(LTU) (CFU) 



Count Interface Performance 
Monitor 

Figure 3.58 Front face layout 


(a) Optical sender (OS) shelf 

OS Shelf bit-interleaves two FEC encoded STM-16(2.49Gbit/s) signals and sends out 5.33Gbit/s 
optical signal with external optical modulation. FEC used in 5G LTU is a 8 byte error correctable 
255 byte code length Reed-Solomon code of RS (239, 255). 

(b) Optical receiver (OR) shelf 

The OR Shelf regenerates the line signal and de-interleaves two STM-16 signals after FEC 
decording. The error correcting performance is shown in Fig. 3.59. 
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Figure 3.59 Error correcting performance of 5G SLTE 


(c) Communication (COM) shelf 

The COM shelf provides Operation, Administration and Maintenance (OA&M) functions and 
interfaces with other equipment. The COM Shelf collects alarm signals from OS and OR Shelves 
and communicates with a network element manager through an TMN interface to notify the 
transmission performance and equipment status. In addition, the COM Shelf has the interface to 
LME to send the repeater supervisory signal. 

Figure 3.60 shows the FEC frame defined at 2.5Gbit/s. The 2.5Gbitp/s signal is byte-interleaved 
to 128 sub-frames with 19Mbit/s signal speed by 2.5G Serial-to-Parallel circuit. In order to add 1 bit 
overhead in each sub-frame and the FEC bytes, the data rate is converted from 19Mbit/s to 
21Mbit/s. The FEC overhead information is inserted into each 21Mbit/s sub-frame signal. The FEC 
overhead is used as the OA&M function for SLTE together with the frame synchronization. The 
sub-frame is coded by the Reed Solomon coder adding 16 redundant bytes. Encoded sub-frames for 
two 2.5Gb/s tributaries are multiplexed into 5.332114Gbit/s line signal. 
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Figure 3.60 FEC frame structure 


The received line signal is de-interleaved into two 2.66 Gbit/s signals which is frame 
synchronized by the framer and selected by the appropriate tributary using the frame byte and the 
tributary identifier embedded in the FEC overhead, respectively. FEC decoders perform error 
correction for the sub-frames at 21Mbit/s together with the report of error counting. After the error 
correction, the sub-frames are multiplexed to 2.5Gbit/s tributary signal by first-in-first-out (FIFO) 
circuit. The FEC error correcting information is transformed as the performance dada and reported 
to element management system (EMS). 


The FEC overhead is also used for the following digital orderwire. 

• 2Mbit/s (ITU-T G.703, 120 ohm symmetrical pair interface) 

• 128kbit/s digital interface 

• 64kbit/s digital interface 

• voice channel 


When the failure alarm is detected in the incoming signal, LTU sends an Alternate Maintenance 
Signal (AMS) instead of a STM-16 tributary signal to indicate the alarm concerning the equipment 
in the downstream. For the loss of tributary signal at the LTU, LTU at the far end generates AMS 
signal at the tributary side in the same fashion. Figure 3.61 shows the AMS indication for the 
incoming tributary signal failure. The AMS is also notified to EMS. In addition, LTU can indicate 
the summarized alarm to the Station Alarm System by the relay contact interface. LTU can be 
controlled by the bell off signal from the Station Alarm System. 
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Figure 3.61 AMS Indication for incoming tributary signal failure 


A 5G LTU accommodates single COM and two pairs of OS/OR shelves in one bay. For two 
OS/OR Shelves, a 1+1 redundant arrangement is available as shown in Fig. 3.62. The redundant 
switching between working and reserved will be controlled by the network element manager with 
three modes such as manual operation, automatic operation and remote operation. The protection 
switching time is designed as less than 50m/sec excluding alarm detection time. 

Remote Command 



Figure 3.62 Conceptual diagram of redundant configuration 


(B) OS-W SLTE 

OS-W SLTE was designed to transport the WDM capacity through the submerged cable system. 
OSW SLTE consists of Line Termination Unit (LTU), Wavelength Terminating Unit (WTU), and 
Dispersion Equalization Unit (EQU) if required. LTU for OS-W SLTE was developed to transport 
STM-16 and STM-64 signals with WDM wavelengths determined by the bandwidth of the 
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submerged optical amplifier repeater. WTU multiplexes and de-multiplexes WDM optical signals 
for LTUs. EQU compensates the accumulated chromatic dispersion for each wavelength. Figure 
3.63 shows the SLTE configuration of 96WDM OS-W system. Figure 3.64 shows WTU and LTU bays 
for OS-W SLTE. 


STM-64 STM-64 



Figure 3.63 OS-W SLTE configuration for 96WDM system 
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Figure 3.64 WTU and LTU for OS-W SLTE 
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Using high density packaging, the OSW LTU bay can accommodate Four to eight OS/OR 
shelves together with a COM shelf. The basic function of LTU in OSW SLTE is same as that of LTU 
in an OS-A SLTE. The functions of each shelf for 10G LTU are as follows. 

(a) Optical sender (OS) shelf 

The OS Shelf encodes STM-64 signals in FEC frame and sends out 10.66Gb/s optical line signals 
with external optical intensity modulation together with optical phase modulation to produce the 
chirp in RZ pulse format. 

(b) Optical receiver (OR) shelf 

The OR Shelf regenerates the line signal and reproduces STM-64 signal after FEC decording. 

(c) Communication (COM) shelf 

The COM shelf provides Operation, Administration and Maintenance (OA&M) functions to be 
managed by the Maintenance Controller. COM shelf of LTU in OSW SLTE furnished Liquid Crystal 
Display (LCD) which enables local monitoring and control of LTU. 

For the WDM system, 1:N redundant arrangement is available by allocating one of N+l 
wavelengths to protection. On the failure of one LTU in service, the failed LTU is switched to the 
protection LTU allocated to N+lth wavelength which is Redundant Line Terminating Unit (RLTU). 
The protection mechanism is performed by using Automatic Protection Switching (APS) protocol 
whose signaling is embedded in FEC overhead. Figure 3.65 shows the block diagram of RLTU for 
1:N protection. This architecture reduces the cost of SLTE compared to 1+1 redundant arrangement 
although the availability of the equipment is degraded as a function of N. 
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Figure 3.65 RLTU configuration 
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3. 5. 2 LINE SUPERVISORY AND MAINTENANCE TECHNIQUE 

The major functions required in the line monitoring of a submarine cable system are that it 
should be possible to determine fault location and appearance with high accuracy. It is moreover 
desirable that faults can be predicted from the viewpoint of preventing their occurrence in the 
system. The former gives information required for carrying out repairs, while the latter provides 
supplementary information for planned maintenance or re-routing. A submarine cable system must 
therefore have these minimum functions to permit proper maintenance to be carried out. 

(1) FSA-WDM remote supervisory system 

The FSA-WDM system is a WDM system that has been realized by upgrading the terminal 
equipment of an existing submarine single-channel optical transmission system. Thus, in addition 
to the inheritance of in-service supervision of submarine optical amplifier repeaters, remote 
supervisory system of the system is required to provide transmission performance monitoring of 
each signal channel. This section describes the remote supervisory system, focusing on the WDM 
signal monitoring function that uses FEC technologies, and on the supervisory signal transmission 
of the submarine optical repeaters using Raman amplification. 

An FSA submarine optical transmission system has been introduced between Okinawa and 
Kagoshima. It is a submarine optical amplifier transmission system that offers bit rates of up to 10 
Gbit/s per fiber [25]. The supervisory (SV) system of the repeater allows the remote supervision of 
repeaters during system operation (in-service supervision of repeaters), which to date has been 
difficult, by superimposing an SV signal on the main signal and taking advantage of the direct 
amplification characteristics of the optical amplifier in SV signal transmission [26] [27]. The FSA- 
WDM system, with bit rates upgraded to a maximum of 40Gbit/s per fiber through the application 
of WDM technology, utilizes submarine optical amplifier repeaters and cables of the existing FSA 
system. The FSA-WDM system realizes WDM transmission through the upgrading of the terminal 
equipment[28]. As a result, the SV system of FSA-WDM system is required to inherit the in-service 
monitoring function of existing repeaters and to monitor the transmission performance of each 
signal channel. 

This section discusses the SV configuration of the FSA-WDM system, the problems to be 
considered in the supervision of the system, and the key technologies that can be applied to the 
solving of these problems. The technologies include the monitoring of the transmission 
performance of each signal channel through the application of FEC technology and SV signal 
transmission using Raman amplification. 
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(A) Supervisory configuration of FSA-WDM system 

Figure 3.66 shows the SV configuration of the FSA-WDM system. This is a submarine optical 
transmission system capable of supporting the SDH transmission system. The far end of the 
terminal equipment is connected to the terrestrial system. The SV system (NE-OpS: Network 
Element Operation System) of the terrestrial system sees the FSA-WDM system as an optical fiber; 
supervision of the submarine system section requires a separate NE-OpS. 

As shown in Fig. 3.66, the NE-OpS (MARINE system) of the FSA-WDM system connects a 
remote SV terminal (MARINE terminal) to the SV interface of the terminal equipment via a modem, 
thus realizing the supervision of the FSA-WDM terminal equipment, existing repeaters, and power- 
feed equipment. The modem deployed between the SV interface and the public switched telephone 
network (PSTN) allows remote supervision from a cable ship. The configuration of the SV system 
follows the existing FSA system. The supervision of the power-feed equipment is realized by 
receiving SV information from the existing power-feed equipment at the SV interface of the FSA- 
WDM terminal equipment. Note that a SV system requires a feature for monitoring the 
transmission performance of each signal channel and the SV signal transmission system appropriate 
for WDM transmission, in order to monitor the WDM signal transmission performance and 
supervise the submarine optical amplifier repeaters. 



NE-OpS (MARINE system) 


Terrestrial system 
NE-OpS 

◄-► 

Figure 3.66 Supervisory configuration of FSA-WDM system 
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(B) WDM signal supervision technology 

Upgrading from a single-channel transmission system to a WDM transmission system, the SV 
system requires the monitoring of the signal state of each channel. This is because optical signals of 
different wavelengths pass through a single optical fiber in the WDM transmission system and each 
signal affects the transmission characteristics of other signals. For per-channel signal state 
supervision, functions for monitoring the signal transmission characteristics of each channel, the 
optical signal wavelength, and optical signal power level are required. The FSA-WDM system 
provides the following supervision functions via the alarms and performance monitoring listed in 
Table 3.10: 

(1) BER characteristics of each channel (transmission characteristics) 

(2) Wavelength of each channel 

(3) Pre-emphasis level (relative power difference between channels of a transmitter). 

Figuer 3.67 shows the performance monitoring points of the terminal equipment and their 
associated monitoring items and alarms described in Table 3.10. These functions owe much to the 
application of FEC technology. The encoding and decoding processes are performed by the FEC- 
CODER in the optical transmitter and the FEC-DECODER in the optical receiver, respectively, as 
shown in Fig. 3.67. The submarine transmission section BER monitor and FEC decoding disability 
alarm function are realized through the bit error correction count. The wavelength monitor of each 
channel has been realized through the function of a wavelength indentificaton (ID) error alarm and 
Laser Diode (LD) wavelength control error alarm. The wavelength ID error alarm is issued when 
the wavelength ID information detected at the receiver differs from that which is embedded in the 
overhead section of the FEC format at the transmitter. Through this alarm function, the system 
confirms that each receiver is receiving its corresponding wavelength signal. The LD wavelength 
control error alarm is issued from the optical transmitter when a measured wavelength differs from 
the predetermined one. The Loss of signal alarm and the pre-emphasis level monitoring function 
are provided at the input part of the optical wavelength multiplexer. To facilitate fault isolation 
between the submarine system section and terrestrial system section, the terminal equipment has a 
performance-monitoring function that uses BIT-8 (Bit Interleaved parity 8)[29]. 
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FSA-WDM terminal equipment 



OS : Optical Sender OR : Optical receiver VAT : Variable optical attenuator 


Alarm monitoring item 

Performance monitoring item 

(D FEC decoding disable alarm 

(D Wavelength ID error alarm 
(3) LD wavelength control error alarm 

(S) Loss of signal alarm (optical wavelength 
multiplexer) 

0 Submarine transmission section BER monitor 

0 Pre-emphasis level monitor 


Figure 3.67 WDM signal monitoring by supervisory system 
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Table 3.10 WDM signal supervision functions 


Monitored item 

Alarm and performance 
monitoring function 

Outline 

BER 

characteristics of each 
channel 

FEC decoding disabled alarm 

Issued when the error 
count reaches the upper 
limit of error correction. 

Submarine transmission 
section 

BER monitor 

BER calculated from the 
error correction count of 
FEC-CODEC. 

Wavelength of each 
channel 

Wavelength ID error alarm 

Issued 

when the received signal 
optical wavelength differs 
from a predetermined 
wavelength. 

LD wavelength control error 
alarm 

Issued 

when the monitored send 
signal optical wavelength 
differs from a 

predetermined wavelength. 

Pre-emphasis level 

Loss of signal alarm (optical 
wavelength multiplexer) 

Issued 

when the send signal 
power level of each 
channel to optical 
wavelength multiplexer 
drops below a 
predetermined input level. 

Pre-emphasis level monitor 

Pre-emphasis level set by 
the transmitter is 
monitored. 


(C) Repeater supervision technology using SV signal 

The FSA-WDM system is a WDM system that is realized by upgrading the terminal equipment 
of an existing FSA system, with the submarine optical amplifier repeaters and cables left as is. By 
inheriting the FSA system, the SV signal of the repeater is superimposed on the WDM signal 
through a low-speed subcarrier. 


Figure 3.68 shows the flows of the SV signal and response signal carrying repeater information 
between the FSA-WDM terminal equipment and repeaters. The control command corresponding to 
the repeater supervision item shown in Table 3.11 is issued from the MARINE terminal to the 
terminal equipment. The terminal equipment converts the received command to an SV signal of 
low-speed subcarrier and superimposes the SV signal onto the WDM signal for transmission along 
a transmission line with repeaters. A repeater having an address specified by the MARINE 
terminal sends the response signal to the terminal equipment at both ends, or performs repeater 
















System Design and Implementation 145 


state control. A response signal from a repeater is received by the terminal equipment, is converted 
to repeater monitor information, and is then reported to the MARINE terminal. 


Submarine optical repeater 

REP-#2 


( 1 ) 

Control command from 
MARINE terminal 



MARINE terminal 


Figure 3.68 Repeater supervisory system using SV signal 


Table 3.11 Repeater supervision function 


Function 

Description 

Control 

Standby ON 

Standby OFF 

Shift register clear 

Monitor 

Pumping LD bias current monitor 

Optical input level monitor 

Optical output level monitor 

Temperature monitor 


(D) Comparison of superimposing SV signal methods 

Practical approaches for superimposing an SV signal onto a WDM signal via a low-speed 
subcarrier are : 

1) Superimposing SV signal on a dedicated channel with a wavelength different from the WDM 
signal 

2) Superimposing SV signal on the all channels of the WDM signal 

Table 3.12 compares these approaches. Both approaches affect the main signal only slightly. 
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Considering the required bandwidth and the adjustment of SV signal modulation depth needed 
when wavelengths are added or dropped, superimposing SV signals onto all channels is adopted. 

Table 3.13 lists the means of superimposing an SV signal onto a WDM signal via a low-speed 
sub-carrier. Three methods, namely, direct modulation of the main signal LD, intensity modulation 
by LN (LiNb0 3 ) modulator, and intensity modulation by Raman amplification [30] are available. 
LD direct modulation, as used in existing FSA systems, must satisfy another requirement of the 
phase synchronization of SV signals of all wavelengths. Intensity modulation by LN modulator is 
subject to the problem of an unstable modulation depth caused by the LN modulator bias voltage. 
These methods are essentially unsuitable from the viewpoints of maintenance and operation. 
Intensity modulation by Raman amplification realized through configuration equivalent to that of 
optical amplifiers, can use general-purpose optical parts. As a result, superimposing SV signals on 
all channels using Raman amplification has been selected for that of the FSA-WDM system. 


Table 3.12 Comparison of superimposing SV signal methods 


. 

Superimposing SV signal 
on all channels 

Superimposing SV signal on a dedicated channel 

Required bandwidth 

Bandwidth of WDM 
signal wavelength 

WDM signal wavelength + SV signal 
dedicated wavelength 

Adjustment of SV 
signal modulation 
depth required when 
wavelengths are added 
or dropped 

Re-adjustment not 
required 

Re-adjustment required 

(gain characteristics to be considered) 


Table 3.13 Methods for superimposing SV signal on the all channels 


Methods for Superimposing 

SV signal 

Advantage 

Disadvantage 

LD direct modulation of main 
signals 

Used in existing FSA systems 

Phase synchronization of 

SV signals of all required 
wavelengths 

Intensity modulation 

LN modulator 

Direct 

modulation to WDM signal 
possible 

• Unstable modulation depth 

• Additional 

optical parts required 

Intensity modulation by 

Raman amplification^] 

Direct 

modulation to WDM signal 

Additional 

optical parts required 
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(E) SV signal transmission using raman amplification 

Figure 3.69 shows a schematic diagram of SV signal transmission using Raman amplification. 
This principle is basically equivalent to an optical fiber amplifier and uses DSF for Raman 
amplification instead of an erbium-doped optical fiber. A control command received from the 
MARINE terminal is converted to a PWM (Pulse Width Modulation) format signal. This PWM 
signal modulates a low-speed subcarrier signal into an ASK (Amplitude Shift Keying) signal. This 
subcarrier-ASK signal is used to intensity-modulate the 1.48 /u m pumping source. The resulting 
signal co-propagates the DSF with the WDM signal and Raman-amplifies the WDM signal 
according to the subcarrier-ASK signal. This WDM signal with SV signal is then sent to the 
submarine transmission line. Figure 3.70 shows the WDM signal spectrum with/without Raman 
amplification. In general, Raman amplification provides a higher gain for signals with longer 
wavelengths. But the difference between signal powers with and without Raman amplification was 
within ±0.1 dB as shown in Fig. 3.70. Therefore, the SV signal transmission using Raman 
amplification can be used for the in-service supervision of existing repeaters. 


SV MOD 



Figure 3.69 SV signal transmission using Raman amplification 


Repeater response signals are superimposed on the ASE (Amplified Spontaneous Emission) 
noise produced by the repeater when the system has failed or is out-of-service. Taking this 
situation into account, the response signal demodulation process is performed at a point upstream 
of the wavelength demultiplexer, as shown in Fig. 3.69. Part of the main signal or ASE noise is 
converted to an electrical signal by a photodetector. A frequency counter measures the frequency 
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of this signal and the frequency value is sent to the MARINE terminal. The terminal calculates the 
repeater status from the frequency value. 


Optical power 
(5dB/div) 




Figure 3.70 WDM signal spectrum with/without raman amplification 


(2) OS-A line monitoring system 


In conventional regenerative repeater systems, a fault in the optical source in one repeater 
affected the whole system. Higher reliability came from an over-complex structure of optical 
sources, the current and output power of the optical sources in repeaters had to be monitored or 
automatic switchover information obtained during maintenance operations, and repeaters had to be 
equipped with command telemetry functions for this purpose. In optical amplifier repeater systems, 
however, due to the transparency of repeater lines, parallel pumping and the self-healing properties 
mentioned above, the impact of degradation in one repeater interval on the whole system is small, 
so there is less need for close surveillance of repeaters. Hence it is not absolutely essential to 
provide the same level of monitoring functions as in regenerative systems, and indeed, excessive 
monitoring would prevent simplification of repeater circuits, cost reductions and efficient 
maintenance and operation. 
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(A) Principle of LMS operation 



LME : Line Monitoring Equipment OS : Optical Sender Rep. : Repeater 

HLLB : High Loss Loopback path OR : Optical Receiver EDFA : Erbium-Doped Fiber Amplifier 


Figure 3.71 Schematic diagram of LMS 

Loopbacks are essential for locating faults in repeater transmission lines. In digital regenerative 
repeater systems, loopback paths are opened and closed in sequence, signals are reflected back to 
opposite lines and transmitted to the sending station. The quality of the transmission up to the 
loopback section can then be evaluated, and sections with faults can be located. 

The line monitoring system (LMS) using optical loopback in an optical amplifier system is 
shown below. Figure 3.71 shows the schematic diagram of this system. An optical high loss 
loopback (HLLB) circuit for leaking a small part of the main signal light into an opposite 
transmission path, is permanently connected to each optical repeater. As the HLLB circuit 
maintains optical isolation between opposite transmission paths, there is no effect on propagation 
characteristics, and it provides sufficient loss for the loopback signal to be detected by line 
monitoring equipment (LME). LME has the function of generating a monitor signal and detecting 
the loopback signal from each repeater. 

The monitor signal generated by LME is superposed onto the main signal by the optical sender 
(OS), and transmitted. Part of the main traffic signal light is combined with the opposite line via the 
HLLB circuit, and transmitted to the sending side with the main signal propagated via the opposite 
line. The optical receiver (OR) receives the main signal and loopback signal, separates the two, and 
supplies the loopback signal alone to the LME. LME detects the loopback signal level for each 
repeater. The in-service and out-service can then be monitored by increasing or decreasing the 
modulation depth of the monitor signal superposed on the main signal. By periodically measuring 
the temporal fluctuation of loopback signal level detected as described above, the variation of the 
relative power level of the main signal may be monitored for each repeater interval, and a level 
diagram of the repeater system can be indirectly deduced. 
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(B) Loopback circuit 


Optical loopback 
circuit 



Figure 3.72 Configuration of loop back circuit 

Figure 3.72 shows the configuration of a loopback circuit illustrated with optical amplifiers. 
This loopback circuit is comprised of four optical couplers, and in addition to the HLLB path 
proposed in this paper, it also includes an OTDR path employing an OTDR which is used for high 
precision fault position detection. Losses in each path of the optical loopback circuit are set by a 
division ratio between the through-port and cross-port of a monitoring coupler and high loss 
coupler. Herein, the degradation of transmission corresponding to the loss of the HLLB circuit is 
important, and the HLLB loss required to satisfy required characteristics is considered. Among the 
reasons for degradation of propagation characteristics due to the HLLB circuit which is 
permanently connected, interference with accumulated spectral components of signal light having 
the same coding rate which have leaked from the opposite line and increase of accumulated noise 
light relative to the main signal propagated in the transmission path, are predominant. In the OS- 
A/W systems with HLLB, the loss of the HLLB circuit was set to be 45dB. 

(C) Loopback signal detection correlation detection method 

As the repeater HLLB circuit is permanently connected, loopback signals from the repeaters are 
superposed onto the received signal. To extract the desired weak loopback signal from this received 
signal, a PN (Pseudonoise Sequence) is used in the monitoring probe signal which is detected by an 
auto correlation detection method. PN correlation detection is well known as a technique for 
detecting weak signals in noise, and is generally used for spread spectrum signaling or remote 
distance measurement under severe propagation conditions such as noise or fading. This 
monitoring system employs a PN correlation detection method using the most general M 
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(Maximum Length) sequence. 

(S) Line monitoring equipment 



Figure 3.73 Structure of line monitoring equipment 


The LME consists of a demodulation circuit, PN generator and correlation detection circuit. 
Figure 3.73 shows the structure of line monitoring equipment. LME consists of the following signal 
processing systems. 

(a) Generation of monitoring probe signal 

The monitoring probe signal was a bi-phase modulated signal having a frequency of several 
MHz by an M sequence PN bit train. The probe signal was superposed with intensity onto the main 
traffic signal light of the transmission terminal, and sent to the repeaters via an optical loopback 
circuit. Monitoring of the in-service and out-of-service was made possible by making the 
modulation index of the main signal superposition variable. 

(b) Demodulating circuit 

The loopback signal which has been electrically converted in an optical receiver circuit passes 
through a bandpass filter (BPF), and is demodulated by an orthogonal phase synchronization 
detection circuit. A local oscillator signal is used as a carrier wave for generating the monitor signal. 
Phase detected I, Q signals are converted to digital signals by an A/D converter. 
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Figure 3.74 Digital signal processing card 

(c) Correlation coefficient detection circuit 

In a digital signal processor (DSP), a correlation function is established between the signal which 
has been digitally converted in the demodulating circuit and a coding sequence which is the same 
as the transmitted monitor signal having a delay corresponding to the repeater position used for the 
measurement. Digital signal processing which performs integration over a long period of time is 
applied to improve the SNR, and the desired repeater loopback signal is extracted. The PN signal 
generator circuit, delay circuit, correlating circuit and integrating circuit required for this digital 
signal processing are made more compact by application specific integrated circuit (ASIC), and are 
stabilized and made highly reliable. Figure 3.74 shows the digital signal-processing card. By means 
of parallel processing wherein one signal processing circuit is assigned to one repeater, 
measurements are performed on all repeaters simultaneously so as to shorten the measurement 
time. In this ASIC circuit, the overall length of the system was 10,000 km, the repeater 
discriminating distance was approximately 2 km, and distance resolution was 200 m or less. 

(d) Optical receiver technique for channel monitoring 

It is difficult to optically separate the transmitted signal light on which the monitor signal has 
been superposed (loopback signal light) from the received signal light, and interference with the 
receiving line signal cannot be avoided when the loopback signal is received. In other words, as 
spectral components of the receiving line signal are also present in the carrier wave bandwidth of 
the weak loopback signal, the received SNR largely deteriorates. In order to prevent this, efforts 
must be made to suppress the spectral components (line signal) of the received signal. The receiver 
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consists of an optical pre-amplifier and line signal canceller circuit. The optical amplifier consists of 
two stages to achieve a wide dynamic range taking account of loss increases in landing sections, 
and its level is controlled so that the receiving line signal power after optical wave detection is a 
constant value. 

Regenerated line 

Level balance 

Decision LPF circuit 



Figure 3.75 Schematic diagram of line signal canceller 

Figure 3.75 is a schematic diagram of a line signal canceller. The loopback signal and line signal 
are split into a regenerated line and a linear line. A clock pulse is extracted and identified in the 
regenerated line, and only line data components are extracted. The linear amplifier signal and 
regenerated line signal output (DATA) are subjected to waveform equalization in a lowpass filter 
(LPF) and combined so that only the line signal component in the linear line signal is canceled and 
only the loopback signal is extracted. 

In this differential combination, level balancing of the two lines is important. AD flip-flop is 
used for the decision of the regenerated line, so the output level is constant regardless of the optical 
input level. Although the required cancellation properties are obtained by adjusting both lines to a 
fixed level diagram if the optical wave detection output level is constant, the cancellation ratio 
deteriorates when the photoreceptor input power fluctuates, and it is then difficult to achieve the 
desired characteristics. In this experiment, the correlation of regenerated signal components in the 
differential combined output signal was detected and a diode attenuator was auto-controlled to 
minimize them so as to balance the levels of the two lines. Hence, line data components were 
always suppressed to a minimum, and stable cancellation performance was achieved. 
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(a ) Back-to-back 



(b) after 1,000 km transmission 

Figure 3.76 RF power in monitor signal frequency bandwidth 

Figure 3.76 shows RF power in the monitor signal frequency bandwidth of the line signal 
canceller output relative to optical power in the pre-amplifier input. The figure shows the power 
variation when the cancellation is ON and OFF in the case of (a) the base line and (b) after 1,000 km 
transmission, using a 5.3 Gbit/s, 23 stage PN signal. In the base line measurement of Fig. 3.76(a), it 
was observed that a suppression ratio of approximately. 25dB was achieved when the optical input 
power level is relatively high. When optical input power level is reduced, RF power with 
cancellation OFF is kept constant by optical ALC, but deteriorates when optical input is low when 
cancellation is ON. On the other hand, using a 7 stage PN signal wherein linear spectral 
components are not contained in the monitor signal frequency bandwidth, the same trend was 
observed as when cancellation was ON. This is due to the fact that circuit noise increases when 
optical input is high, and signal light-ASE beat noise (optical pre-amplifier) increases when optical 
input is low. Figure 3.76(b) shows measurements of the line data cancellation ratio when the signal 
is received after transmission over a 1,000 km optical amplifier system. According to these results 
the suppression ratio is limited to approximately 20dB, however as the same effect was obtained for 
a 7 stage PN signal, it can be concluded that beat noise with the signal light due to ASE of the 
repeater system is predominant. Hence after transmission through the system, line data 
components are suppressed to below the ASE beat noise level which serves to confirm the efficacy 
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of this receiving method. 

(E) Routine monitoring 

(a) Measurement of loopback signals 



Distance (km) 

Figure 3.77 Correlation intensity 

Figue 3.77 shows the results of making the delay variable and measuring the correlation 
intensity when a loopback signal was measured in a 12 repeater, 1,000 km system. In the figure, the 
correlation coefficient peaks correspond to the loopback signal light from each repeater, and the 
amplitude corresponds to the optical intensity of the loopback signal. Terminal optical loopbacks 
(T-l, T-2) are installed at the two ends of the system, so 14 peaks including the repeaters are 
detected in all. Line monitoring is performed by periodically measuring the correlation intensity at 
the positions of the peaks, with the positions of the peaks detected when the optical amplifier 
system is installed being taken as the repeater positions. The figure also shows an enlargement in 
the vicinity of repeater 12 and terminal loopback T-2. As the demodulated monitor signal is 
bandwidth limited, the correlation coefficient peaks are not steep and have a fairly large width. 
The total distance in width at the -0.5dB point of the main-lobe of each loopback signal is 1 km, so 
the system has adequate tolerance with respect to changes of line length under the ocean floor. In 
Fig. 3.76, the difference between the signal intensity of the repeaters and the noise floor at other 
positions corresponds to the measured SNR. 
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(a) w = 100% 



Figure 3.78 Accumulated correlation intensity 

Figure 3.78 shows the results of plotting accumulated correlation intensity in 14 loopbacks and 
at 6 arbitrary positions using 20 correlation circuits against integrated time in the same optical 
amplifier system. Figure 3.78 (a) shows the results for a modulation degree of 100% (out-of-service), 
while (b) shows the results for 2% (in-service). Whereas the accumulated loopback signal levels 
increase by 101og(T) relative to integrated time T, the accumulated noise level is 51og(T). This 
shows that the measured SNR is improved by /T with respect to integrated time T. In the 
measured results of (a), the SNR obtained by a 10 minute integral is approximately. 24dB. 
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(b) Fault detection 



( a ) Incoming line fault (fiber loss increase) 



( b ) Outgoing line fault (fiber break) 


Figure 3.79 Change of loop back level 


The change of loopback level was measured when a fault occurred in a 4,500 km long-distance 
repeater system, and fault detection performance is shown. Figure 3.79 (a) is a plot of the level 
change before and after a faulty repeater when the output of the optical amplifier in the receiving 
direction of repeater 68, effectively corresponding to the midway point of the repeater system, was 
lowered by 3dB and 6dB. The dotted solid lines show results calculated by a computer simulation; 
it is seen that the experimental and calculated values match very closely. Figure 3.79 (b) shows 
measured results when the optical fiber in the transmitting direction of repeaters 68 and 69 is 
broken. This causes the loopback level after repeater 69 to fall by more than 20dB (limited by noise 
floor), so it can easily be established that there is a fault in this section. By analyzing the measured 
results, the predicted level profile for a suspected fault may be calculated, hence even in the case of 
less serious faults, fault sections can be determined and fault levels estimated by using a method 
such as pattern matching. 
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(3) Fault localization using C-OTDR 

Highly accurate fault localization of submerged cables is essential to accomplish quick repair 
and to minimize the repair cost and loss of services in transoceanic cable systems. An optical time 
domain reflectometry (OTDR) is used primarily for the characterization and the fault localization of 
optical fibers and is achieved as a precise fault locator for the whole optical amplifier systems by 
making use of the features of that transparent transmission characteristic. 

(A) Principle of loopback operation 

Long-haul optical amplifier systems require in-line optical isolators for stable signal 
transmission, so that the reflectometry technique based on conventional repeater architecture is not 
available because the propagation of the optical energy is limited to one direction. Then new 
repeater architecture, such as a method using a return path through a branching element, is 
necessary to detect backscatter signals beyond the repeaters. Recent optical amplifier repeaters 
incorporate backward loopback elements such as backscatter loopbacks for fault localization and 
forward optical loopback path for line monitoring (HLLB) at the output of the each EDFA as shown 
in Fig. 3.71. The small backscatter signals propagate toward the originating transmitting terminal. 
The optical loss of such loopbacks is designed to be high enough to assure sufficient transmission 
characteristics of traffic signal in in-service conditions. The loss of the OTDR loopback path was set 
to be about 20dB. Therefore, the obtainable SNR for the backscatter signal becomes very small, a 
high receiver sensitive OTDR equipment and sufficient averaging are required to overcome this 
problem. 

(B) C-OTDR 

Optical reflectometry techniques can be classified into two detection categories. These two 
categories are direct-detection and coherent-detection techniques. Direct-detection OTDR is widely 
used commercially. A reflectometry technique using coherent detection is more advantageous than 
direct detection reflectometry, because is can achieve high detection sensitivity and excellent 
selectivity for a weak backscatter signal in the presence of the ASE. Thus a coherent detection 
OTDR (C-OTDR) is usually used for multi-repeatered submerged cable systems. 
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Polarization Er-doped 



When applying conventional C-OTDR to optical amplifier systems, the load of the each 
amplifier is not constant with time due to intermittent probe light. In order to solve the problems 
stated above, C-OTDR technique with continuous wave operation is contrived. Figure 3.80 shows 
the schematic diagram of C-OTDR. The probe signal is frequency shifted keying (FSK) light with 
continuous power, which is effective not only for avoiding power fluctuations but also for keeping 
probe pulse shape in the optical amplifier. The FSK light with 2 optical frequencies surves a probe 
pulse and a dummy light respectively. C-OTDR consists of a tunable wavelength light source and 
wide-band balanced receiver with wide wavelength range covered with C- and L-band. The 
wavelength accuracy, resolution and stability of the probe light are better than 0.05nm. The state of 
polarization of the probe light into the system under test was scrambled by a polarization scrambler 
during the signal averaging not only to reduce the polarization dependency of the repeater 
components but also to improve the coherent detection sensitivity. The returned Rayleigh 
backscatter light was combined with the local oscillator light (LO) with an optical combiner and 
divider circuit. The combined light was self-heterodyne detected using InGaAs pin-PD balanced 
receiver. The beat signals obtained by heterodyne detection passed though a bandpass filter with a 
bandwidth of about 5MHz and were fed into an envelope detector. The demodulated signals were 
averaged to improve SNR. No optical filter was used in the receiver of the C-OTDR. The SNR 
degradation due to the spectral components of NRZ data signals in in-service condition, WDM 
signals-spontaneous beat noises and spontaneous-spontaneous beat noises at intermediate 
frequency range of coherent receiver can be eliminated by the balanced receiver. The common mode 
rejection ratio (CMRR) of the balanced receiver is greater than 30dB in the wide wavelength range. 
Figure 3.80 is a photograph of the C-OTDR. 







































160 Optical Submarine Cable Systems 



Figure 3.81 Photograph of C-OTDR 


(C) Out-of-service measurement 

Figure 3.82 shows the reflectometry result around the 8th fiber span located at 470km distance 
on 530km transmission system. When the optical attenuation of 2dB applied to location of 500km on 
8th fiber span, the loss value is clearly detected on the measured OTDR trace. 



Figure 3.83 shows the reflectometry results around the far end terminal located at 4580km 
distance on a 4565km system. The backscatter generated at the 137th fiber span as the far end is 
clearly observed beyond the 136th repeater. The OTDR trace corresponding to the output of each 
amplifier has a large spike in the signal level and this is because of the loopback signal via HLLB of 
each repeater. The result also indicates the feasibility of the precise fault location of submerged 
cables/fiber without Fresnel reflection at the fiber-end facet of the fault point in long-haul optical 
amplifier systems. 
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System Length (km) 

Figure 3.83 Reflectometry results around far end terminal 

(D) In-service measurement on WDM systems 

WDM transmission systems with optical wavelength routers and add/drop nodes should have 
in-service fault location monitoring capability without sacrificing active traffic, to maximize 
network operating efficiency. In such a fault monitoring scheme, it is useful to have the supervisory 
signal wavelength within the system signal wavelength window to simplify the repeater 
architecture and transmission path design. One of the possible solutions to in-service inter-span 
fault monitoring in WDM systems is the use of C-OTDR. In-service inter-span fault monitoring has 
been demonstrated with an 8WDM, bi-directional 1,000km transmission system. Figure 3.84 shows 
the experimental setup of bi-directional 1,050km multi-repeatered WDM transmission system, 
consisting of 15 EDFA repeater pairs with 70km dispersion shifted fiber spans. The transmitter 
consists of eight DFB laser sources with different wavelengths ranging from 1553.lnm to 1558.7nm. 
Channel spacing was set to 0.8nm. Each light is externally modulated with 2 23 -l pseudo-random 
(PN23) NRZ data at 2.488Gbit/s. Eight signals were combined with a fiber coupler, and were 
equally fed into up-stream and down-stream links. In addition, as a system maintenance channel, a 
wavelength of 1552.3nm is used for monitoring the health of the repeaters and fault localization in 
in-service condition. An OTDR probe light was simultaneously launched into the transmission line 
with NRZ/PN23 intensity modulated eight WDM signals. Figure 3.85 shows the reflectometry 
result on the maintenance channel. Measurement resolution was approximately 3km. The 
backscattered light generated along the whole system was clearly observed. One thing to be 
concerned about is that C-OTDR signals might not be detectable in WDM systems under in-service 
conditions because of possible degradations due to fiber nonlinear effects such as XPM induced by 
co-propagating intensity-modulated WDM signals. 
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Figure 3.85 Reflectometry result on maintenance channel 


3.5.3 


POWER FEEDING EQUIPMENT 




Power feeding equipment (PFE) is required to be installed at the cable landing station to supply 
a precisely-controlled DC current to submerged plants through the conductor of the submarine 
cable. PFE for a long distance system requires high voltage to feed the power for a number of 
repeaters as well as the voltage drop due to cable resistance. PFE was carefully designed from the 
viewpoint of reliability as well as the safety aspect. 


(1) PFE Configuration 


The power feeding system depends on the cable length as well as the cable topology. Figure 
3.86 shows a typical block diagram for double end power feeding configuration. For the long 
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distance system, the double end power feeding configuration with redundant PFE is employed to 
reduce the voltage as well as to meet the outage requirement. 

Station A Station B 


Constant Current 



PR Power Regulator Bay 

PM 

: Power Monitor bay 

LT Load Transfer Bay 

TL 

: Test Load Bay 

SW :Switch Bay 

CTB 

: CableTermination Box 


Figure 3.86 Double end power feeding configuration using redundant PFEs 

When the location of a cable landing station is close to the beach, the submarine cable may be 
directly brought into the cable station. In that case, a cable terminating box (CTB) is used in the 
station to terminate and separate the optical fiber pairs from the power conductor of the submarine 
cable. Otherwise, the submarine cable is terminated in the Land Joint Box (LJB) which is installed 
in the Beach Manhole (BMH). The optical fibers of the submarine cable are separated from the 
power conductor. The power feeding line is connected to the SW bay and the optical fibers are 
spliced with inter-office optical fibers. A block diagram for High Voltage type PFE is shown in Fig. 
3.87. For example, the OS PFE consists of a Power Regulator (PR) bay, Power Monitor (PM) bay, 
Load Transfer (LT) bay. Test Load (TL) bay and Switch (SW) bay. The number of PR and TL bays 
are determined by the required voltage for the applied system. The PR and PM bays convert the -48 
V DC station battery voltage into the precisely-regulated high-voltage constant-current output. 
These are designed for conversion, regulation, protection and monitoring of the voltage. 

DC -48 V power is the power source used in the station for DC/DC converters, control and 
alarm circuits, while AC power is used for recorders and test load cooling fans. In order to achieve 
high reliability, no forced-cooling is used except for the test load. 
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Figure 3.87 Block diagram of high voltage type PFE 


Figure 3.88 shows the PFE bay configuration, 
following. 


The Function of each bay is explained in the 



Figure 3.88 PFE bay configuration for high-voltage type 


(A) Switch bay (SW) 

The Switch Bay (SW) indicates the power feed line current and line voltage together with earth 
voltage and return current monitor. When the Power Feed Earth is disconnected or failed, SW bay 
protection circuits switch an earth return from the Sea Earth to the Station Earth and re-routes the 
return current automatically or manually. 

The test points for cable fault localization on the power feed line is also provided in SW Bay to 
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connect a maintenance test equipment to the PFE. 

(B) Load transfer bay (LT) 

The load transfer bay (LT) switches the power feeding current from cable to Test load line. In 
addition, in the single power feeding configuration, LT switches to standby PR bay in the event of 
normal PR bay failure minimizing the impact on the transmission line. 

(C) Power monitor bay (PM) 

The power monitor bay (PM) detects and controls the power feeding current and voltage. In 
order to control the PFE for maintenance purposes, digital meters are furnished on the front panel 
of this bay to indicate the power feeding current and voltage. 

(D) Test load bay (TL) 

To test the performance of the PFE without line, the dummy load is accommodated in the test 
load bay (TL). 

(E) Power regulator bay (PR) 

The power regulator bay (PR) incorporates high-efficiency power units, which are called 
Converter units. The efficiency of the Converter units is more than 85% at the output power of 
750W. The Converter unit is a type of series resonant power converter which has high-efficiency 
characteristics. Each Converter unit is operated by a separate drive circuit and the output of each 
unit is connected in series with a by-pass diode to provide stable DC current set at the rated output 
voltage of the PFE. The output current of all units are commonly controlled and regulated by 
control signals from three current control units in the PM bay at the same time. 

(2) Power feeding operation 

Figure 3.89 shows an example of the output voltage vs current characteristics for a 7kV 0.92 A 
PFE transoceanic system. 

The voltage and current output levels are monitored by independent voltage/current sensing 
units, and then controlled so as to provide a stable output over the entire operating range. By 
adopting a common control approach, all converters are simultaneously controlled to respond to 
either output load conditions. 
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In the current regulation mode, the slope resistance is used for the gradual decrease in the 
output current when the increase in the output voltage is required, in order to equalize the shared 
voltage at both ends. An artificial low slope resistance as shown in Fig. 3.89 is provided with lower 
resistance loss by electronic control circuits. 

PFE maintains an over-voltage protection function. Output voltage from each converter is 
monitored by independent voltage sensing units. When the output voltage exceeds the preset value, 
a shutdown signal is sent to the power regulator. Transient increase of the output voltage in the 
power feeding path, for example when a open fault occurs, is limited to a safety value by the high¬ 
speed voltage suppression unit in the output power monitor section. 

PFE incorporates a shutdown system, which operates if the output current exceeds +10 % of its 
rated level. The system sends a shutdown signal to the power regulator with a shutdown safety 
circuit which does not shutdown the system by mistake. This feature ensures reliable operation of 
the power shutdown facility. 



Figure 3.89 Output voltage vs current characteristics (for 7kV system) 

(3) Redundant arrangement 

Redundant arrangements are provided to meet the outage requirement and to ensure 
continuously stable DC power supply to the submerged plants. 
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(A) System redundant 

For short and medium haul systems. Double End Power Feeding redundant arrangement can be 
applied. In normal conditions, the power for the submerged plant is fed from both ends, while in 
the event of PFE failure at one end, single PFE at the other side will feed power to the whole 
submerged plant. 

(B) Equipment redundant 

(a) Redundancy of converters 

The PFE provides multiple converter units and each output is connected in series by high 
resistible diodes. If one converter unit fails, the rest of the converters cover the required voltage to 
maintain constant current. 

(b) Redundancy of current control units 

The output current of the PFE is controlled by three independent current control units. Each of 
them consists of a current sensor and a current controller. If one of three units fail, the other two 
continuously take entire current control over the PFE. 

(c) Alarm detection 

The output current and voltage of the PFE are monitored by three independent alarm sensing 
units. The two out of three majority logic method is applied to the alarm detection. Thus the shut 
down function of the output current/voltage will not be affected by a failure of one alarm sensing 
unit. 

(4) Safety 

The following precautions are made to ensure personnel safety. 

• Enclosed high voltage circuits/units which are interlocked by keys, 

• Protective rear bay covers to avoid accidental access to high voltage circuits, 

• Monitor of protective cover status of the bays before/during/after ramp-up/down process, 
(If one of the protective covers is opened during the power feeding operation, visible and 
audible alarms are given, but not affecting the service.) 

• Discharging resisters in the high voltage circuits of the converter unit and the current/voltage 
sensor unit, 

• Safety covers inside the rack or for operation part of the SW bay to shut down the power 
feeding at the moment the covers are removed, 

• Emergency shut down button on the front panel, 

• A discharge unit in the SW Bay to discharge the residual charge between the power feed line 
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and the grounds. 

(5) Other functions 

(A) Trailed electroding 

PFE can provide an electroding signal to localize the cable fault. A low frequency electroding 
signal, of for example 25Hz as shown in Fig. 3.90 is superimposed onto the nominal feeding current 
when the system is in-service. The maximum electroding current is approximately 80mA o _p (0 to 
peak) and there is no interference to the system transmission performance. A low frequency (4 to 
50Hz, 150mA o _p) electroding signal is also available for the out-of-service with 500 mA DC. 



Note : The low-frequency signal is supermposed on the output 
current and it makes possible the gaining of 10mA rms sine 
wave at 300km away from the terminal 


(B) Fault localization 

The PFE can feed the lower current below 500mA and change the power feeding polarity for 
cable fault localization and the Power feeding scheme re-configuration for the system using some 
branching units. 

(C) Power feeding shutdown 

Usually PFE incorporates a automatic shutdown system which operates in cases when the 
output current exceeds +10% of its rated level and pre-set value of voltage or in cases when the 
output current goes below the lower limit for operation. This function is achieved by the 3 
independent voltage/current sensors. 
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3.6 REPEATERLESS TRANSMISSION SYSTEMS 

As repeaterless transmission systems are simple to configure, easy to maintain, and applicable 
to high-fiber count cables, they appear to offer economical and high capacity transmission systems. 
Accordingly, they have been actively researched in laboratories around the world. Repeaterless 
transmission systems play an important role in realizing submarine transmission up to 200 km from 
the coast such as between continents and to islands. It was reported that the application of remote 
pumping was very effective in extending the transmission distance [35]. 

Remotely pumped systems are categorized as repeaterless transmission systems, as the 
transmission path section consists of only passive parts. They accordingly offer high reliability 
because this system is similar to other repeaterless transmission systems in terms of their 
application. 

This section describes repeaterless transmission system design for a remotely pumped single 
fiber. The effect of backward and forward pumped Raman amplification, remote pre-and post- 
EDF amplification, and FEC are considered to realize cost effective and high-performance 
submarine transmission systems. 

Remote pumping using a single fiber can extend the repeaterless transmission distance without 
decreasing the system capacity per cable. It is applicable to high-count-fiber cable such as the 100- 
fiber submarine cable already developed [36]. A simple but effective system configuration is 
presented that uses remote pumping from the receiver end; both remote pre-EDF amplification and 
backward pumping Raman amplification are employed. Stable transmission can be obtained 
without optical isolators, so the OTDR method is supported by this system. Three fiber 
configurations, i.e. DSF, pure silica core fiber (PSCF), and a combination of DSF and PSCF, are 
compared in terms of system performance. Remote pre-EDF is optimized in terms of length and 
location from the receiver end through optical SNR (OSNR) calculations. Maximum signal output 
power is also determined through a waveform simulation based on the split-step Fourier method, 
in order to avoid waveform distortion caused by the combined effect of SPM and GVD. 

This section is organized as follows. Key technologies to extend the repeaterless transmission 
distance by remote pumping using a single fiber are described in section 3.6.1. Section 3.6.2 
estimates, as a cost effective and high-performance configuration example, the performance of a 
repeaterless system that employs remote pre-EDF amplification, backward pumping Raman 
amplification, and FEC under practical conditions. The cables for repeaterless transmission are 
shown in Section 3.6.3. 
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3.6.1 KEY TECHNOLOGIES 

Key technologies to extend repeaterless transmission distance are shown and their effectiveness 
is clarified. Figure 3.91 shows the components of a repeaterless transmission system that employs 
remote pumping. The effectiveness of backward and forward pumped Raman amplification, 
remote pre-and post-EDF amplification, and of FEC is described below. 
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Figure 3.91 Configuration of repeaterless transmission system with remotely pumped EDF 

(1) Backward pumped raman amplification 

Backward pumped Raman amplification is generated throughout the transmission fiber. The 
Raman pumping source is the same 1.48 pm light used for remote EDF pumping. As backward 
pumped Raman amplification acts as small-signal pre-amplification in long distance repeaterless 
transmission systems, pump depletion due to signal saturation usually does not occur. Thus 
backward pumped Raman gain is expressed as follows [37]. 
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where g R/ A eff and Pp are the Raman gain coefficient, effective core area, and pumping light 
power at fiber input, respectively. L e ff is the effective interaction length and is defined as 


L efr -h l-e*p(-a p i) 


(3.14) 


where a p and L are the attenuation constants for the pumping light and fiber length, 
respectively. 
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Measured (open circle) and calculated (solid line) backward pumped Raman gain versus 
pumping power for DSF and PSCF are shown in Fig. 3.92 and Fig. 3.93, respectively. In the 
calculations, g^ was set to 3.0xlO' 14 m/W for DSF, and 2.0xlO' 14 m/W for PSCF, which agree well 
with measured values. Figure 3.94 shows the calculated increase in transmission distance with 
backward pumped Raman amplification (closed triangle for PSCF, open triangle for DSF) using the 
above values. 



Figure 3.94 Increase in transmission distance (Backward Pumping) 


The increase achieved with backward pumped Raman amplification rises exponentially in the 
non-pump depletion case. In this case, there is no conflict with the Raman gain limitation caused 
by the onset of stimulated Raman self-oscillation in the presence of double Rayleigh backscattering 
[38]. The criterion is shown as [37] 
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namely, Pp = 3 W at PSCF and Pp = 1.5 W at DSF. 

Backward pumped Raman noise power P sp (B) is expressed as follows [39]. 
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where AA is the optical filter's bandwidth, A s is signal wavelength, h is Plank's constant, and c 
is the velocity of light. Calculated values of backward pumped Raman noise power are nearly 
equal to the measured ones. The equations of gain (3.13) and noise (3.16) were used in calculating 
SNR in section 3.6.2. 
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(2) Forward pumped Raman amplification 

Forward pumped Raman amplification gain without pump depletion is expressed in the same 
way as for backward pumped Raman amplification gain, i.e., using (3.16). In long distance 
repeaterless systems, usually the signal power is large enough to instigate pump depletion. 


An approximate expression for saturated Raman gain Gs is shown as [37] 

l+r n 
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(3.17) 


where r 0 is related to the signal-to-pump power ratio by 

A s P. 


A p P p 


(3.18) 


where A is pumping wavelength and P is signal power at the fiber input. 


Measured and calculated values of saturated Raman gain are shown in Fig. 3.92 and Fig. 3.93 
(closed circle, dotted and chain lines). As one example of the calculated results, for 23dBm 
launched signal power and 26dBm pumping source power in DSF, the saturated Raman gain is 
decreased to 4.6dB, while the unsaturated Raman gain is 17.8dB. Figure 3.95 shows the calculated 
increase in transmission distance in the repeaterless transmission system with forward pumped 
Raman amplification (closed triangle for PSCF, open triangle for DSF). Compared to backward 
pumped Raman amplification at the same pumping power, forward pumped Raman amplification 
yields only half the increase in distance. As a result of pump depletion, forward pumped Raman 
amplification is less effective than backward pumped Raman amplification. Forward pumped 
Raman noise is shown in reference [39] as well as backward pumped Raman noise. As described in 
Section 3.6.2, the influence of forward pumped Raman noise can be neglected in long-distance 
repeaterless systems. 
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Figure 3.95 Increase in transmission distance (forward pumping) 

(3) Remote pre-EDF amplification 

Remote pre-EDF optimization, which includes EDF length and its location from the receiver end, 
is related to the EDF gain and noise figure as a function of pumping power at the EDF. Figure 3.96 
shows the measured EDF gain and noise figure versus pumping power. The EDF has 2400ppm Er 3+ 
concentration, 33400ppm A1 concentration and 2.4mm core diameter. There is a trade-off between 
gain and noise performance in setting the EDF length; i.e., gain and noise increase with EDF length. 
EDF gain and noise attributes are improved with pumping power increase but saturate if pumping 
power is high enough. Figure 3.97 shows calculated OSNR dependence on remote pre-EDF location 
from the receiver end when the total transmission distance is constant. As the remote pre-EDF 
approaches the receiver, EDF gain and noise performance are improved and become almost 
independent of the section length between the remote pre-EDF and the receiver. 
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Figure 3.97 Calculated OSNR dependence on remote pre-EDF location 


SNR depends on the signal power input to the remote pre-EDF, so SNR decreases as the section 
length between the transmitter and the remote pre-EDF increases. On the other hand, if the remote 
pre-EDF is far from the receiver, the pumping power reaching the remote pre-EDF is insufficient. 
This leads to a drastic degradation in gain and noise performance which degrades the SNR, 
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especially if the EDF is long. Consequently, there exists an optimum EDF length and location, both 
of which depend on pumping source power and fiber loss. From the transmission distance increase 
calculated for remote pre-EDF amplification and backward pumped Raman amplification shown in 
Fig. 3.94, both amplification schemes offer equal transmission increase when pumping source 
powers are 24 dBm with DSF and 26.5 dBm with PSCF. Backward pumped Raman amplification is 
superior when the pumping source power exceeds these values; remote pre-EDF amplification is 
superior otherwise. 

(4) Remote post-EDF amplification 

As the signal power input to the remote post-EDF is very high in long-distance repeaterless 
transmission systems, EDF amplification gain is highly saturated. Thus the remote post-EDF 
output (P sout ) is expressed as [40] 

P out= P sir, +r l P pin . (3.19) 

where q, P gin and Pp in are conversion efficiency, input signal power and input pumping power 
to the remote post-EDF amplifier, respectively. About 50% conversion efficiency can be obtained 
[41]. As for remote post-EDF location, it is advantageous to place it near the transmitter for 
improving both the SNR at remote post-EDF input and EDF gain/noise performance. However, 
received waveform degradation caused by fiber non-linearity such as the SPM - GVD combined 
effect must be considered when the output power of the remote post-EDF exceeds launched signal 
power at the transmitter because the remote post-EDF and the transmitter are close to each other. 
Therefore, remote post-EDF location is set in such a way that remote post-EDF output power does 
not exceed the launched signal power at the transmitter. As described in Section 3.6.2, the influence 
of remote post-EDF amplification noise can be neglected in long distance repeaterless systems. As 
shown in Fig. 3.95, remote post-EDF amplification is always much less effective than forward 
pumped Raman amplification, so remote post-EDF amplification does not need to be considered 
when constructing cost effective transmission systems. 

(5) Forward error correction 

Coding techniques such as FEC can be used to improve BER performance. As a powerful FEC 
code, the Reed-Solomon (255,239) code (based on the generating polynomial of X 8 +X 4 +X 3 +X 2 +l )has 
been employed in repeaterless transmission experiments [42]. 

OSNR, defined as the ratio of optical signal power to optical noise power, is theoretically 
improved by 5.3 dB with this code at the BER of 10 n . The theoretical BER improvement by 
employing this FEC code when errors occur independently from each other is given by [43] 
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(3.20) 


where BER 


out 


is output BER, N is 255, P^ e is probability of byte error shown as 


P b =l-(l-BER in ) 8 


(3.21) 


where BER- r is input BER. 

This calculation has been shown to well match measured values [41]. 

FEC is attractive for long distance repeaterless systems, especially those that have BER floors. 

(6) Countermeasure to waveform distortion 

The impact of fiber non-linearity and dispersion on transmitted waveform must be considered in 
designing high bit-rate long-distance transmission systems. About 7000ps/nm of GVD exists if 
1.5pm signal transmission is established using 400km of PSCF, which has lower loss than DSF. 
However, the degradation by GVD is only about ldB in 2.5Gbit/s transmission over PSCF [44]. In 
the case of lOGbit/s-PSCF transmission, GVD compensation is indispensable. This can be achieved 
by employing DCF, chirped fiber Bragg gratings, or planar light-wave circuits (PLCs). 

It is important to maximize the signal power that can be launched into the transmission fiber to 
improve the SNR. The problem is the waveform distortion caused by the influence of non-linear 
fiber effects such as the SBS and SPM - GVD combined effect when the launched signal power 
exceeds the limits of each effect. 

An effective SBS suppression technique is as follows. A backward propagating Stokes wave 
that carries most of the input energy is generated once the fiber input power exceeds the SBS 
threshold. The SBS threshold can be increased by frequency modulation (FM) at low speed (for 
example, 10 MHz FM speed for the transmission bit-rate of lOGbit/s). For this example, the SBS 
threshold value of 8.1 dBm at PN7 without FM can be increased to over 24 dBm [41]. FM is very 
effective in suppressing SBS. 

As a countermeasure to the SPM-GVD effect, maximum fiber input power can be determined 
through transmission experiments and/or computer simulations employing the split step Fourier 
method [37]. Representative simulation results are as follows. When the signal power launched 
into PSCF is set under 19 dBm at 2.5 Gbit/s, and 12 dBm at 10 Gbit/s, the eye opening penalty due 
to waveform distortion is within 1 dB [41]. This simulation assumed no dispersion compensation at 
2.5 Gbit/s and 100 % dispersion compensation at 10 Gbit/s. In the case of DSF, the maximum 
launched power of at least 23 dBm can be obtained. 
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3.6.2 SNR DESIGN 


This section introduces equations for SNR design and a system configuration example of a cost 
effective repeaterless transmission system employing remote pumping; its performance is 
estimated. 


(1) SNR calculation 

The parameters of the repeaterless transmission system components with remote pumping are 
shown in Fig. 3.91. The OSNR of the system is expressed as 


where 
S: bit-rate. 


OSNR= 
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As the center fiber section (fiber loss: 0C 2 ) is very long in long distance repeaterless transmission 
systems, terms that include 0C 2 0C 3 (A+B) can be neglected. Therefore, (3.22) can be approximated as 


OSNR = 
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PR 


(3.23) 


where the amplification gain assumed is G x % G x - 1 (x: FR, RPO, RPR, BR, PR). Usually, (^Grpr 
^ 1 so total noise is decided mainly by remote pre-EDFA noise. Electrical SNR is derived from 
OSNR using the following equation [45] 


SNR= 


_ 16 • OSNR 2 _ 

’ IBB ITT 4BOSNR V 


(3.24) 


where B Q and B e are the optical bandwidth and electrical bandwidth of the receiver, 
respectively. Electrical SNR degradation due to imperfect receiver response and waveform 
distortion caused by transmission are added to the converted electrical SNR. 
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As described in section 3.6.1, remote post-amplification and forward pumped Raman 
amplification are less effective when the pumping power is not much higher than the launched 
signal power. The OSNR of a repeaterless transmission system employing only remote pre¬ 
amplification and backward pumped Raman amplification is given in (3.23) as Gp^=l, G^pQ=l. 

(2) System configuration 

From the above simulation results, the increase in transmission length achieved with remote 
pumping from the receiver end is three times that with remote pumping from the transmitter end 
(signal power = 23 dBm and pump power = 26 dBm, see Fig. 3.94 and Fig. 3.95). As the most cost 
effective configuration example, we consider here only backward pumped Raman amplification 
with remote pre-EDF amplification, both of which can be realized using the same pumping source. 
It is essential to apply the OTDR method to long-distance repeaterless systems for locating fiber 
breaks, so optical isolators can not be used in any transmission section. 


The submarine repeaterless transmission system configuration example described above is 
shown in Fig. 3.98. OTDR is used at both ends to observe fiber loss and remote pre-EDF 
amplification gain. 



Figure 3.98 Example of submarine repeaterless transmission system 


For this system, three applied fiber configurations are considered. Type (a) consists of PSCF 
which has smallest loss at the signal and pumping wavelength region. Type (b) consists of DSF 
which has the smallest GVD. Type (c) consists of DSF in the transmitter section to suppress SPM- 
GVD combined effect, and PSCF in all other sections. The length of the DSF section equals the 
remote pre-EDF spacing from the receiver end (about 100 km), because this completely suppresses 
the degradation caused by the SPM-GVD combined effect, and it is possible to share the same joint 
box (JB) for splicing. Two kinds of maintenance cables are required in type (c), while type (a) and 
type (b) have only one kind of maintenance cable even if dispersion management is applied in type 
(b). In this case, the fibers in the maintenance cable are shifted from the zero dispersion 
wavelength; half up and half down. 
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(3) Performance estimation 

The performance of the above submarine transmission system is estimated using the SNR design 
techniques. 

To achieve a BER under 10 11 with FEC, the SNR must be at least 17.2dB without FEC. The 
system margin includes the electrical SNR decrease due to transmitter / receiver circuit 
imperfection, the waveform distortion caused during transmission, the OSNR decrease due to 
connection losses between fiber connectors, aging margin including fiber loss increase, and repair 
cable insertion losses considering each transmission point. The OSNR setting point is decided 
considering the FEC effect and system margin. 


Table 3.14 Main system design parameters 


Fiber Type 

Fiber Loss 

Launched 

Signal Power 

Pump power 

FEC 

Coding 

Gain 

PSCF 

0.187dB/km @1.55pm 
0.224 dB/km @1.48 u m 

19 dBm @2.5Gbit/s 



DSF+PSCF 

PSCF t 

DSF i 

23 dBm 

28 dBm 

5.3 dBm 

DSF 

0.215 dB/km @1.55/im 
0.258 dB/km @ 1.48 f± m 




Next, the main design parameters are selected as shown in Table 3.14. Here, system 
performance is estimated for 2.5Gbit/s and lOGbit/s, and the fiber configurations of PSCF (type 
(a)), DSF (type (b)), and DSF + PSCF (type (c)). In case of lOGbit/s - PSCF transmission, PSCF 
performance with dispersion compensation is remarkably degraded by the effect of SPM - GVD, 
unless a soliton-like transmission method is employed. Dispersion compensation is not employed 
for 2.5Gbit/s but is for 10Gbit/s transmission with DSF + PSCF as it is indispensable for 
compensating the GVD. Launched signal power for 2.5Gbit/s transmission with PSCF, is set to 
19dBm to hold the penalty of the SPM-GVD effect to under ldB. Other signal powers are set to 
23dBm. As described in section 3.6.1, the SBS effect at this launched signal power can be offset by 
frequency modulation. 
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Figure 3.99 Estimated transmission distance 


Figure 3.99 shows the estimated transmission distances possible with the key technologies of 
remote pre-EDF amplification, backward pumped Raman amplification and FEC. The longest 
repeaterless transmission distances of 415km at 2.5Gbit/s and 380km at lOGbit/s are achieved 
using DSF+PSCF. In all cases, 50 channels can be installed if a 100-fiber submarine cable is 
employed; the total system capacity is 50 times the bit rate of each fiber. 

The transmission distance increase offered by backward pumped Raman amplification is 
estimated to be 29 km for PSCF and DSF + PSCF, and 52km for DSF. Similarly, the increase by 
remote pre-EDF amplification is estimated to be 60km for PSCF and DSF + PSCF, and 55km for DSF. 
The increase offered by FEC is estimated to be 35km for PSCF and DSF + PSCF, and 31km for DSF. 
The total increase achieved by combining these three key technologies is 124km in the case of PSCF 
and DSF + PSCF, and 138km in the case of DSF. These results show that these submarine 
repeaterless transmission systems offer significantly improved transmission lengths. 

3.6.3 CABLES FOR REPEATERLESS SYSTEMS 

Recent progress in transmission technology has made it possible to expand the repeaterless span 
length. In laboratory tests, the length was extended to beyond 500 km by using a remotely pumped 
amplifier. The repeaterless system is cost effective and attractive for mainland-to-mainland, island- 
hop and festoon applications. Also, high-fiber-count, repeaterless submarine cables are essential for 
connecting high-fiber-count terrestrial cables across inland-seas. A one-hundredfiber submarine 
cable was required in Japan to expand the terrestrial optical system by direct connection with fiber- 
rich land cable. It was impossible to accommodate more than several tens of fibers in the OFS cable. 
This meant a new cable design concept was needed to meet the new requirements. 
































182 Optical Submarine Cable Systems 


NTT designed the repeater less cable called the HF cable [36]. It is the first submarine cable with 
a fiber ribbon and "air-core 7 ' structure. It can protect optical fibers from tension and water-pressure 
during handling, laying, burial and recovery as well as maintaining stable operation during the 
designed system life of over 20 years. The design concept was based on the combination of reliable 
submarine cable and fiber-rich terrestrial cable, and it was realized by the virtue of new 
technologies. The HF cables were employed in domestic submarine links such as Itoh-Hachijojima 
(260 km), Matsuyama-Oita (61 km), Naze-Naha (337 km) and Munakata-Tsushima Saga (138 km). 
The excellent and stable performance of the repeaterless cables have been confirmed in the field. 

(1) Fundamental design 

The outstanding features of the HF cables are the adoption of a fiber ribbon and an "aircore" 
structure. The cross-section is shown in Fig. 3.100. Five 4-fiber ribbons are packed tightly into slots 
arranged helically on a polyethylene rod that is installed in stranded steel wires covered with a 
welded copper pipe. The stranded wires are twenty (20) high strength steel wires that serve as a 
tension member. The combination of the stranded wires and welded copper pipe form a pressure 
resistant pipe. Moreover, the longitudinally welded copper pipe prevents moisture permeation on 
the sea bed. A sea water absorbent tape is arranged around the slots to prevent water from 
penetrating into the cable for the cable break. A slight strain is intentionally retained in the fiber 
during the cabling process to prevent fiber slippage during laying and recovery. The compact 
structure facilitates fiber identification and fiber splicing. The structure also satisfies many 
requirements, resulting from the increase in the number of fibers used in the cables. The HF Cables 
can accommodate a maximum of twenty-five 4-fiber ribbons (100 fibers). The maximum applicable 
depth is 3000 m. This is shallower than that for a repeatered cable, however, it is sufficiently deep 
because the HF cable is designed only for repeaterless system applications. 
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Figure 3.100 HF cable (lightweight type) 


(2) Cable performance 

Since ocean weather conditions can change suddenly, the repair of submarine optical fiber 
cables must be completed as quickly as possible. Figure 3.101 shows fusion splicing time by 
number of fibers. It takes about 10 minutes to fusion splice a conventional mono-fiber. For a 4-fiber 
ribbon, it takes about 16 minutes. For a 100-fiber cable, the results indicate a saving of about 10 
hours by using a 4-fiber ribbon instead of a conventional mono-fiber. In addition, we employed an 
air-core structure with HF cable because it was time consuming and required concentrated attention 
to disassemble a conventional UV-cured optical unit. It is not easy and needs special skill to 
extract an optical fiber from a UV-cured optical unit. In this regard, the "air-core" structure is 
advantageous because it is easy and quick to use. Moreover, no special skill is needed to extract a 
fiber ribbon from the slotted rod. The complete repair process involves disassembling the cable, 
wire caulking, fiber splicing, fiber housing, testing, polyethylene molding, final testing and joint 
box assembling. With HF cable repair can be completed within fourteen hours. This is sufficiently 
short for practical repair operations. 
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Figure 3.101 Time required to fusion splice fibers 
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Figure 3.102 Hydraulic pressure vs water penetration distance 



Figure 3.102 shows the experimental relationship between hydraulic pressure and distance of 
water penetration in a cable. Despite using the "air-core" structure, water penetrated 68m in 
90hours at a pressure of 400atms. The absorbent tape volume expands quickly and shuts off the 
water path in the cable. We calculated the water penetration distance in two weeks at a depth of 
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3000m, which is the maximum applicable depth, to be only 150m. The absorbent tape also works as 
a dryer. When a submarine cable is laid on the sea bed, the cable temperature decreases and the 
humidity in the air in the cable turns to dew. In this case, the absorbent powder traps the humidity 
and dew in the cable, keeping the fibers dry. The dry atmosphere helps to maintain fiber 
reliability. 

Despite the high-fiber count, the unique design enabled us to realize a lightweight cable with a 
diameter of 22.5mm, which is as good as that of OFS or OS cables. The armored cable structure and 
performance [46] depends on the lightweight cable diameter. The coincidence allowed us to 
standardize the armored cable family of the HF cables and OFS cables (for details, please see 
Section 3.4.1). 

(3) Fiber reliability 

HF cable can optionally use carbon-coated fiber (CCF). The use of carbon coating on silica fiber 
can greatly improve fiber reliability by preventing both mechanical fatigue and hydrogen induced 
loss increases. The required proof strain is derived from a proof theory [47] and takes account of 
the residual fiber strain that remains after a cable is laid. Fig. 3.103 shows the calculated 
relationship between the allowable strain over a 20-year period and the n-value for proof strain 
levels of 1% and 2%. For a conventional silica fiber, the n-value is 20, and the allowable strain is 
0.5% for a 2% proof strain. In contrast, the value for CCF is about 0.8% even for a 1% proof strain, 
because of its high n-value of 150. The CCFs can be fusion spliced with conventional fusion splicers. 



Figure 3.103 Allowable strain vs fatigue parameter 









186 Optical Submarine Cable Systems 


(D) Summary of HF cable characteristics (lightweight type) 


(a) Fiber count 

(b) Cable breaking load 

(c) Maximum applicable depth 

(d) Cable weight 

(e) Water pressure resistance 

(f) Water penetration 


Twenty five 4-fiber ribbons (Maximum) 

98kN 

3000m 

lkg/m( in air) 0.5kg/m (in water) 

More than 29MPa 

Less than 200m/14days in 3,000m water 
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CHAPTER 4 




OPERATIONS OF SUBMARINE 

CABLE SYSTEMS 


4.1 RING NETWORKS 

Undersea systems meet very high reliability requirements by minimizing the parts count, using 
components with extremely high reliability, and employing redundancy of critical components. 
However, they are never free of failures due to external aggression like from fishing gear or ship 
anchors. As a result, undersea systems need traffic restoration in the events of these failures in 
order to minimize their induced damage to social activities and revenue loss of carriers. A recent 
long haul undersea transmission system with a capacity of more than a few G bit/s adopts in- 
network cable-on-cable restoration because alternative facilities such as satellite systems have 
capacities of no more than 1G bit/s [1]. 

Recent undersea transmission systems use two network topologies, a ring network and a trunk- 
and-branch network, to realize in-network cable-on-cable restoration. A ring network provides two 
physically diverse paths (service and protection paths) between all landing stations. In a trunk-and- 
branch network, service and protection paths are in the same cable. As a result, complete in- 
network restoration is possible in the event of branch cable cut while it is not possible in trunk cable 
cut. A trunk-and-branch network is usually called a "collapsed" ring and can be categorized into a 
ring network. 

| 

This section provides a general description of a ring network and in the next section we move on 

H 
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to explain a undersea ring network. Ring networks can be classified into two categories, 
unidirectional and bidirectional rings, as shown in Fig. 4.1, from the aspect of traffic directionality. 
A unidirectional ring carries working traffic in only one direction (say counterclockwise) around 
the ring. Working traffic from node A to node C is routed along the ring (i.e. path A-B-C). The 
return working traffic is also carried, in the same direction as from node A to node C, on the 
remaining portion of the ring (i.e. path C-D-A). 



Unidirectional ring Bidirectional ring 

Figure 4.1 Ring classification by routing in normal state 

A bidirectional ring carries working traffic in both directions over a single path between the 
nodes of the ring. Working traffic from node A to node C is routed via path A-B-C. The return 
working traffic is also carried via the same path (i.e. path C-B-A). 

Unidirectional and bi-directional rings can be further classified into section and path protection 
rings, according to protection mechanism. In a section protection ring, protection is performed at 
the section layer by the nodes on either side of a failure. Switching action is triggered through an 
SDH section overhead. In a path protection ring, end-to-end channel protection is done at the path 
layer. Switching action is triggered through a path-layer signal. Table 4.1.1 shows ring architecture 
classifications based on traffic directionality and protection mechanism. It also shows the 
correspondance with ITU-T recommendation G.803 definitions. 


Table 4.1 Ring architecture classification 


Traffic routing 

Protection mechanism 

Correspondent in ITU-T G.803 

Unidirectional 

Path protection 

Subnetwork connection protection 

Section protection 

Multiplex section dedicated protection ring 

Bidirectional 

Section protection 

Multiplex section shared protection ring 
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Figure 4.2 illustrates an example of a unidirectional path protection ring. One fiber is used as a 
working fiber and the other is used as a protection fiber. In the normal state, traffic from node A is 
transmitted both in the clockwise and the counterclockwise directions. These two identical signals 
propagate on the working and protection fiber and drop at the node C. Node C continuously 
monitors both signals and selects the better signal. Suppose node C uses the signal from the 
working fiber. If a failure occurs, say, between node A and node D, node C selects the protection 
fiber and continues to receive the traffic from node A. 



Normal state 


Failed state 


□ working 

□ protection 


Figure 4.2 An example of unidirectional path protection ring mechanism 


Figure 4.3 illustrates an example of a bidirectional section protection ring. Unlike a 
unidirectional ring, working traffic in a bidirectional ring is carried on both directions along the 
ring. For example, traffic from node A to node C is carried counterclockwise while traffic from node 
C to node A is carried clockwise. If a failure occurs, say, between node A and node B, node A and 
node B reroute the traffic between them to the other part of the ring by using the protection fiber. 



Normal state Failed state 


I working 
HD protection 


Figure 4.3 An Example of bidirectional section protection ring mechanism 
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4.2 UNDERSEA RING NETWORK 

Recent transoceanic transmission systems such as TAT-12/13, TPC5CN, have realized in- 
network cable-on-cable restoration by adopting ring networks [2], [3]. These networks comply with 
the multiplex section shared protection rings (transoceanic application) in ITU Recommendation 
G.841. The basic model of the rings is a bi-directional section protection ring. The general protection 
mechanism in the basic model, where the two nodes adjacent to a failure carry out restoration in the 
case of cable cut, would lead to restoration paths which cross an ocean three times as shown in Fig. 
4.3. The inherent propagation delay in the general mechanism becomes a source of performance 
degradation. The problem is manifest in a ring where the distance between the nodes exceeds 1500 
km. The transoceanic application protection mechanism eliminates the triple ocean crossing 
through protection actions by the source node and the final destination node, not by the two nodes 
adjacent to a failure. 

In the case of fiber failure, the transoceanic application protection mechanism does not differ from 
the general one. Figure 4.4 illustrates an example of fiber cut where a working fiber between node A 
and node B fails. The service traffic is routed onto the protection fiber between the node A and node 
B. 



Normal state 



Failed state 


] working 
3 protection 


Figure 4.4 An example of transoceanic MS shared protection ring mechanism (fiber cut) 


Figure 4.5 illustrates an example of cable cut where both the working and protection fibers 
between node A and node B fail simultaneously. The service traffic is routed onto the protection 
fiber connecting node A and node C though node D. This protection mechanism results in 
avoidance of the triple ocean crossing which is shown in Fig. 4.3. 
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Figure 4.5 An Example of transoceanic MS shared protection ring mechanism (cable cut) 

K1 and K2 bytes in the SDH section overhead are used to convey failure messages and to trigger 
protection actions. Table 4.2 shows byte K1 functions. Bits 1-4 carry bridge request codes which 
contain information such as signal failure, signal degradation, acknowledgement of bridge request. 
Bits 5-8 carry a destination node identification. Table 4.3 shows byte K2 functions. Bits 1-4 carry a 
source node identification. Bit 5 indicates a short-path or long-path code along which messages are 
transmitted. Bits 6-8 carry status codes which contain information on the source node such as 
bridge state, switching state. Since the node identification codes use 4 bits, a ring accommodates 
sixteen nodes at maximum. 


Table 4.2 Byte K1 functions 


Bridge request code 

Destination node identification 

Bit 1 Bit 2 Bit 3 Bit 4 

Bit 5 Bit 6 Bit 7 Bit 8 

0000 No request 

The destination node ID is set to the 
value of the ID of the node for which 
that K1 byte is destined. 

1100 Signal fail (Span) SF-S 

1011 Signal fail (Ring) SF-R 

0010 Reverse request (Span) RR-S 

0001 Reverse request (Ring) RR-R 















































































196 Optical Submarine Cable Systems 


Table 4.3 Byte K2 functions 


Source identification 

Long/Short 

Status 

Bit 1 Bit 2 Bit 3 Bit 4 

Bit 5 

Bit 6 Bit 7 Bit 8 

Source node ID is set to the node's 
own ID. 

O=short-path code (S) 
1=long-path code (L) 

000 Idle 

001 Bridge (Br) 

010 Bridge and switched 
(Br&Sw) 



Figure 4.6 shows the sequence of protection actions in the case of unidirectional signal failure. In 
this example, a failure occurs in a working fiber from node D to node A. Node A detects signal 
failure condition on its working channels from node D. It sends an SF-S request message to node D 
along both short and long paths. Receiving this request, node B and node C on the long path enter 
K-byte path-through state. They do not change path connections. Upon reception of the message 
from node A on the short path, node D executes a bridge action; identical traffic is transmitted on 
both working and protection fibers. Node D sends a reverse request on the short path and informs 
node A that it has received the SF-S request message and that it is in bridge state. Node D also 
sends an SF-S request message on the long path. 
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Figure 4.6 Protection action sequence (unidirectional failure) 


When it receives the reverse request, node A executes a bridge and switch action; identical 
traffic is transmitted to node D on both working and protection fibers and traffic from node D on 
the protection fiber is selected. Node A updates a request message to an signal fail-span (SF-S) 
Bridge and Switch. On reception of the message from node A on the short path, node D selects the 
protection fiber. Then it sends a reverse request on the short path and informs node A that it is in 
bridge and switch state. 


B 


D 


K1 


K2 


SF-S/D 

A/S/Idle 


SF-S/D 

A/U/ldle 


RR-S/A 

D/S/Br 


RR-S/A 

D/lVBr 

SF-S/D 

A/S/Br&Sw 


RR-S/A 

D/S/Br&Sw 


Figure 4.7 illustrates the sequence of protection actions in the case of bidirectional signal failure. 
In this example, cable cut occurs between node A and node D. Node A and node D detect signal 
failure condition on both their working and protection channels. Node A and node D send an signal 
fail-ring (SF-R) request message to each other on short and long paths. Receiving these requests on 
the long path from both directions. Node B and node C execute a bridge and switch action 
according to a pre-determined traffic pattern map. 
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Figure 4.7 Protection action sequence (bidirectional failure) 


When it receives the SF-R requests from node D on the long path, node A executes a bridge and 
switch action according to the traffic pattern map. Node A updates a request message to an SF-S 
bridge and switch. Node D performs likewise. 


4.3 AN EXAMPLE OF TRANSOCEANIC CABLE NETWORK 


4.3.1 NETWORK PROTECTION CONFIGURATION OF TPC-5 CABLE NETWORK 

TPC-5 CN is an optical-fiber submarine cable network that connects the six cable stations of 
Ninomiya (Japan), Miyazaki (Japan), Turnon Bay (Guam), Keawaula (Hawaii), San Luis Obispo 
(U.S.A.), and Bandon (U.S.A.) in a ring configuration as illustrated in Fig. 4.8. Its total length is 
about 25,000km [4]. 
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? Protection Fiber Pair NME: Network Management Equipment 


Figure 4.8 Network protection configuration of TPC-5 CN 

Each cable station is connected by state-of-the-art optical amplifier submarine cables with a 
transmission capacity of 5Gbit/s (about 60,000 circuits) per fiber pair. There are two fiber pairs in 
the cable: a service fiber pair and a protection fiber pair. The protection fiber pair is provided as a 
circuit backup route for use when a service fiber pair or a cable within TPC-5 CN is disrupted, in 
order to minimize the impact of a fault on services. At each cable landing station, NPE (Network 
Protection Equipment) is installed to handle the automated switchover of the traffic from the 
service fiber pair to the protection fiber pair, making TPC-5 CN an extremely reliable cable network. 
Installation of the self-healing TPC-5 CN has brought a new dimension to the management of 
International Submarine Cable systems. 

4.3.2 NETWORK PROTECTION EQUIPMENT (NPE) 

NPE is a Synchronous Digital Hierarchy (SDH) add/drop multiplexer which takes STM-1 inputs 
and combines them into STM-16 aggregate output data streams. It also provides automatic 
restoration of provisioned service traffic using protection capacity and redundant equipment within 
the cable networks. Network Management centers around NPE and its associated Network 
Management Equipment (NME). The NME is the primary tool for network Operations, 
Administration, Maintenance and Provisioning (OAM&P) [4] [5] [6]. 
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A functional block diagram of NPE is illustrated in Fig. 4.9. NPE consists of a Low Speed (LS) 
Interface section, Time Slot Assignment (TSA) section, Multiplexer/De-multiplexer (MUX/DMUX) 
section, and High Speed (HS) Interface section. 
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Figure 4.9 Functional block diagram of NPE 
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OS: Optical Transmitter 
OR: Optical Receiver 
SOH: Section Over Head 
NPE: Network Protection 
Equipment 
MUX: Multiplexer 
DMUX: De-Multiplexer 
l/F: Interface 


The LS Interface section sends and receives STM-1 signals and is connected to domestic SDH 
terminals in the cable station by means of SMF or Coaxial Cables and the protection scheme can be 
1+1 redundancy. The TSA section performs add/drop/pass-through operations of STM-1 signals 
which are to be added to the ring network, dropped from the ring network, and bypassed in the 
ring network. The TSA section also performs self-healing operations which may automatically 
switch over traffic on the working time slots to the protection time slots. The MUX/DMUX section 
performs multiplexing and demultiplexing STM-1 signals to/from STM-16 signal and absorbs jitters 
on STM-1/STM-16 signals. The HS Interface section sends and receives STM-16 signals, generates 
and terminates Section Over Head (SOH) of STM-16, and performs activation of self-healing 
operations by means of detecting protection switching protocol in SOH. 
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4.4 OUTLINE OF NETWORK MANAGEMENT SYSTEMS 
4.4.1 TMN ARCHITECTURE AND IMPLEMENTATION MODEL 

TMN architecture was developed by International Telecommunications Union- 
Telecommunications Standardization Section (ITU-T) in 1994 in order to minimize service 
development, provide high-quality service, and minimize cost for any telecommunication services. 
Since then, TMN architecture widely employed in the field of telecommunications. Most of the 
recent submarine cable systems also employ a TMN based network management system for the 
control of the network as illustrated in Fig. .10. TMN architecture defines functions of 
telecommunications network management into 5 layers; 




• Business management layer 

defines functions related to the management of customer services, 

• Service management layer 

defines functions related to tariffs, provisioning management, etc, 

• Network management layer 

defines functions related to routing, traffic, restoration management, etc, 
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Figure 4.10 TMN Architecture and implementation model 
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• Network element management layer 

defines individual element management functions such as switching system management, 
transmission system management, etc, 

• Network element layer 

defines functions of telecommunications equipment. 

As for submarine cable systems. Common Function Unit (CFU), Line Termination Unit (LTU), 
Add Drop Multiplexer (ADM), Power Feeding Equipment (PFE), and Line Monitoring Equipment 
(NME) are defined as Network element layer and are the so called Network Element (NE) which is 
to be monitored and controlled by the Network Element Operations System (NEOS) which is 
defined as the Network element management layer. Both NEs and NEOS are located in each cable 
station and are controlled by cable station support staff, or remotely controlled by centralized 
support staff by means of a remote NEOS terminal installed in the Network Operations Center 
(NOC) in some cases. 

Network Management Operations System (NWOS) is defined as the Network management layer 
which may control and manage at a much broader level, such as in the management of the entire 
transmission system which may cover terrestrial transmission systems as well as multiple 
submarine cable networks. 

4.4.2 IMPLEMENTAION 

An example of the system configuration in a cable station is illustrated in Fig. .11. Most recent 
submarine cables are interconnected with a terrestrial transmission system with an STM-1 interface. 
The add Drop Multiplexer (ADM) provides multiplexing and de-multiplexing functions of STM-1 
signals into/from STM-16 signals, as well as self-healing functions. ADMs that have self-healing 
functions may be called Network Protection Equipment (NPE) in some cases. The Line Terminating 
Unit (LTU) provides STM-16 signals from ADM with Forward Error Correction (FEC) and vice- 
versa. Common Function Unit (CFU) provides the Wavelength Division Multiplexing (WDM) 
function. The Power Feeding Equipment (PFE) provides repeaters with power and the Line 
Monitoring Equipment (LME) supervises submersible equipment such as optical repeaters, cables, 
and branching units. 
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All NEs are connected to NEOS via Local Area Networks (LAN) with Q3 interfaces, and 
equipment alarms and performance data are monitored by NEOS. Some cable stations are remotely 
monitored and operated by Network Operation Centers (NOC) by means of remote terminals 
and/or NWOS. 

4.5 EXAMPLES OF NETWORK MANAGEMENT SYSTEMS 
4.5.1 TPC-5 CN 

Cable station support staff are the first tier (Tier I, On-site Work Force) of network management. 
These organizations are responsible for 24 hour, 7 days/week network OAM&P and as such will 
investigate any network issue and take the appropriate action. Activities as simple as traffic 
provisioning or as complex as network normalization following a network failure fall within the 
domain of this tier [6]. 

All cable stations in the TPC-5 CN have NPEs providing automatic traffic restoration during 
network failure scenarios. In selected cable stations, that is San Luis Obispo and Miyazaki, NPEs 
directly interface with the NME for OAM&P functions. NME communication with remote station NPE 
uses Q3 interfaces and is carried between cable stations over an STM-16 overhead channel. NME 
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communication with its resident cable station equipment is through a 10 Mbit/s Ethernet connection. 
All alarm events detected by any NPE are reported autonomously and in real time to all system NMEs. 

A key concern in the day to day OAM&P activities is cable owner's satisfaction. The Landing 
Parties AT&T and KDD of the TPC-5 CN have developed programs to ensure that Tier I OAM&P 
activities do not unnecessarily impact cable owner's traffic. In the event that maintenance is 
required on the system, cable owner notification of a hazardous event is provided and work 
conducted when cable owner usage of the network is minimal. If network maintenance is necessary, 
these programs require that dry runs of the activities are conducted prior to the actual work to 
minimize operational error. Before any Tier I use of OAM&P tools, considerable time is spent in 
both the classroom and hands-on training environments to ensure proper operation. 

The second tier of network management is the Tier II (Network Operation Center ) network 
control function. In the TPC-5 CN cable network, for example, this function is carried out by the 
primary network control center located in Denver, Co., while the secondary center is in Tokyo. 
Network control centers such as these coordinate network OAM&P activity outside of the TPC-5 
CN when multi-cable system restoration or provisioning activities are required. They also provide 
the point of contact with the cable owners on all network activity. As the TPC5 CNs mature, they 
will evolve into having a more direct role with Tier I network management through a TMN direct 
hardware link to NME cable station equipment as illustrated in Fig. 4.12. 
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Figure 4.12 TPC-5 CN network management system 


































































Operations of Submarine Cable Systems 205 


4.5.2 JIH 

The JIH undersea fiber optic network is a KDD's cable network for coping with the growing 
needs of multimedia communications such as internet and video applications, which will provide a 
high-capacity and high-reliable backbone network utilizing a combination of wavelength division 
multiplexing, self-healing mechanisms, and a network management system. The JIH is a 10,300 km 
trunk and branch network with a lOOGbps bandwidth that was inaugurated on April 1, 1999. This 
network is capable of connecting most domestic local access networks together with international 
cable networks such as the TPC-5 CN, SEA-ME-WE3, APCN and recent high-bandwidth cable 
networks by means of having 17 landing points (cable stations) throughout the Japanese 
archipelago[7][8]. 


Figure 4.13 illustrates the JIH network management system based on the TMN model. NEOS 
are installed in each cable station as element management systems in order to control and monitor 
JIH transmission equipment as network elements, where 4 out of 17 cable stations are called Master 
Cable Stations (MCS) and the rest of the cable stations are called Local Cable Stations (LCS). NMEs 
of both Optical NPE and conventional NPE are installed only in MCS however MNE 
communication with remote NPEs in LCS is carried between cable stations over an STM-16 
overhead channel. In each cable station, standardized Q3 interfaces are adopted between NEOS and 
other network elements. All of the NEOSs are remotely controlled by one NOC located in the center 
of Tokyo. 
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Figure 4.13 JIH network management system 
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JIH is also controlled and monitored by NWOS, KDD's network manager for transmission 
systems, by means of connecting NEOS in each MCS using a standardized Q3 interface, and the 
NEOS in each LCS is also controlled and monitored by NWOS via the NEOS in the MCS. 

The JIH network management system and self-healing systems enable each cable station to have 
un-manned OAM&P operations and both Tier-1 and Tier-II operations are performed in one 
centralized NOC. 
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CHAPTER 5 


FUTURE PROSPECTS OF 
THE SUBMARINE CABLE SYSTEM 


5.1 PROGRESS OF SUBMARINE CABLE SYSTEMS 

Since the FS-400M system, the first 400Mbit/s optical submarine cable system, began 
commercial service in 1986, and the TPC-3, the first optical submarine cable in the Pacific Ocean, 
began commercial service at the bit rate of 280Mbit/s in early 1989, many optical submarine cable 
systems have been planned and constructed. The evolution of optical amplifier technology based 
on the Erbium-doped fiber amplifier (EDFA) has had great impact on optical fiber transmission 
systems[l], especially on long-haul systems[2]. One of the greatest advantages is the simplicity of 
the repeater circuit compared with a conventional 3R regenerative repeater, which requires a 
number of components such as lasers, photo-detectors, and high-speed Electronics. The bit-rate 
transparency of EDFA repeaters also made possible a drastic increase in capacity for optical 
submarine cables. In fact, a 10 Gbit/s submarine cable system, FSA, was commercialized in early 
1995, and the 5Gbit/s transoceanic submarine cable systems, TPC-5, TAT12/13, and APCN, were 
commercialized all over the world in 1995-1996. 

Wavelength division multiplexing (WDM) technology is an efficient way to increase the 
a gg re g a t e system capacity. In the first WDM undersea systems, the SEA-ME-WE 3 and the China- 
US, a 2.5Gbit/s channel bit rate has been adopted to achieve 20Gbit/s capacity. Further increase in 
capacity requires both higher channel bit rate and more WDM channels. In such a large capacity 
system, however, nonlinear effects in the transmission fiber, such as self phase modulation (SPM), 
cross-phase modulation (XPM), and four wave mixing (FWM), severely affect the transmission 
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performance. 

Recently, considerable efforts have been focused on overcoming this problem from both the 
system design aspect and the component development aspect. Newly developed lOGbit/s-based 
WDM technologies together with new fibers and new amplifiers are enabling us to increase capacity 
up to 160Gbit/s[3] and 160Gbit/s WDM systems are scheduled to be used in both the Pacific Ocean 
(Japan-US and PC-1) and the Atlantic Ocean (TAT-14) in 2000 and 2001. 

Figure 5.1 shows the capacity growth in Japanese domestic and transpacific cable systems. This 
indicates that a more than 500-fold increase in capacity has been achieved for commercial systems 
over the past 10 years. 

To meet the explosive demand for capacity for the Internet, the required transmission capacity 
for submarine cable systems will reach terabit dimensions within a few years (see Fig. 5.1). In fact, 
several technical challenges towards terabit transoceanic transmission using lOGbit/s WDM have 
been demonstrated and terabit commercial submarine cable systems will be available within a few 
years. 



Year 


Figure 5.1 Capacity growth in Japanese domestic and transpacific cables 












Future Prospects of the Submarine Cable System 211 


5.2 FUTURE TRANSMISSION TECHNOLOGIES 


5.2.1. TECHNICAL ISSUES 
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Figure 5.2 Issues and countermeasures in large-capacity long-haul transmission 


Figure 5.2 shows technical issues for increasing the transmission capacity and distance of a long- 
haul WDM transmission system. The transmission capacity of the systems can be increased by 
raising the signal bit rate per channel and/or the number of signal channels. In terms of realizing 
terminal equipment, increasing the number of channels seems easier than increasing the signal bit 
rate. This is because increasing the signal bit rate requires the development of higher speed 
electronic circuits and optical devices, while increasing the number of channels can be achieved by 
simply modifying the optical circuits. Therefore, the number of signal channels is rapidly growing 
in WDM systems. 

Increase in the number of channels forces increase in spectral efficiency and available optical 
passband-width in a system. The dense WDM signals would be degraded by inter-channel 
interaction between the channels. In terminal equipment, a multiplexer and demultiplexer handling 
highly dense WDM signals with enough low crosstalk are essential. In addition, as propagating in 
optical fiber, fiber nonlinearity induced inter-channel interaction is problematic. This is strongly 
related with fiber dispersion characteristics, so dispersion management techniques, as well as 
enlarging the effective core area, can mitigate the interaction. Increase in optical passband-width 
requires a wideband optical amplifier. However, a long-haul system has the cascade of many optical 
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amplifiers, so that over all gain bandwidth becomes narrower as system length increases. Using gain 
equalization solves this bandwidth limitation and pre-emphasis in the transmitter in part supports 
such bandwidth restrictions. In terms of optical fiber, the available passband-width is limited by 
dispersion characteristics, so the dispersion management is a significant subject to be considered. 

As transmission distance increases, optical noise emitted from each optical amplifier 
accumulates and degrades the SNR in the system[5]. The SNR can be improved by increasing the 
optical signal power output in each amplifier. However, larger optical power suffers from fiber 
nonlinear effects, resulting in significant waveform distortion as well as inter-channel interaction. 
The waveform distortion is strongly related to the signal pulse waveform generated in the 
transmitter, chromatic dispersion and PMD in the optical fiber. PMD also can cause polarization 
fading. Therefore, reducing the PMD of optical fiber or adaptive compensation of PMD in the 
terminal equipment is necessary, particularly, for WDM transmission with higher speed signals. By 
contrast, decreasing the optical signal power is useful to avoid fiber nonlinearity induced 
impairments. This means optical SNR decrease in the system so the noise figure of the optical 
amplifiers must be sufficiently small. It also noted that FEC can virtually improve the SNR 
corrupted by the accumulated noise. 

In addition to transmission performance, the saving of the power consumption of the system is 
necessary as the transmission capacity and distance increase. This is because the power of a 
submarine system is fed only from terminal equipment, so that power loss in the cable becomes a 
huge amount in transoceanic systems. However, it is difficult to increase power feeder output, 
which is over and above the order of 10,000 V. We must increase the power efficiency of the devices 
used in submarine repeaters, in particular the pumping lasers. 

5.2.2. EVOLUTION OF TECHNOLOGY 

Table 5.1 summarizes the technologies used in submarine cable systems since the TPC-5, and the 
following sections describe the major technology evolution. 
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Table 5.1 Technical evolution of submarine cable systems 



1st Generation 

2nd Generation 

3rd Generation 

4th Generation 

Bit rate/ 
fiber pair 

5Gbit/s ~ lOGbit/s 
(single channel) 

20 - 40 Gbit/s 
(2.5Gbit/s or lOGbit/s 

X 4 ~ 8WDM) 

160 ~ 640Gbit/s 
(lOGbit/s X 16 ~ 64WDM) 

> 1 Tbit/s 

(lOGbit/s X >100WDM) 

Repeater 

1480nm-pumped EDFA 

1480nm-pumped 
wide-band EDFA 

980nm-pumped 
low-noise EDFA 

super wide-band & 
high-power EDFA 

Bandwidth 

2nm ~ 5nm (C-band) 

5nm ~ 6nm (C-band) 

10~20nm (C-band) 

> 30nm (C-band) 

Transmission 

fiber 

Dispersion Shifted Fiber 
(DSF) 

DFS or 

Non-Zero 

Shifted Fiber 
(NZ-DSF) 

Hybird span of 

Large Core Fiber 
& NZ-DSF 

Hybrid span of 

Aeff Enlarged Positive 
Dispersion Fiber (EE-PDF) 

& Slope Compensation - 
Dispersion Compensation 
Fiber (SCF), Reverse 
Dispersion Fiber (RDF) 

Systems 

Kagosyima-Okinawa (FSA) 
TPC-5, APCN, FLAG 

China-US, SEA-ME-WE3 

Kagoshima-Okinawa 

(FSA-WDM) 

TAT-14, PC-1 
Japan-US, EAC 

— 

RFS 

1995/1996 

1999 ~ 2000 

2000 ~ 2001 

2002 ~ 


(1) Channel bit rate and signal format 

Channel bit rate has been increased from 2.5Gbit/s to lOGbit/s to meet the increasing 
popularity of STM-64 networks. To mitigate nonlinear waveform distortion, which becomes severe 
with increasing channel bit rate, the return-to-zero (RZ) signal format with pre-chirping has been 
introduced[3,4] instead of the conventional non-return-to-zero (NRZ) format. In lOGbit/s NRZ 
transmission patterns, dependent waveform distortion due to the SPM-GVD effect becomes large 
after long distance transmission as shown in Fig. 5.3[6,7]. On the other hand, since all pulses are 
isolated from each other and have the same waveform independently of the data pattern in the RZ 
format, the pattern dependence of SPM-induced waveform distortion observed in the conventional 
NRZ format can be minimized. Figure 5.4 shows an example of the calculated waveforms of RZ 
format and NRZ format for lOGbit/s 4WDM after 7500km transmission. The RZ format is more 
robust against the nonlinear effect of the fiber than the NRZ format, since uniform nonlinear chirp 
during transmission can be partially managed by linear chirp at the transmitter [3]. 
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Figure 5.3 lOGbit/s NRZ signal after 9000km transmission [7] 



(a) NRZ format 


(b) RZ format 


Figure 5.4 NRZ format vs. RZ format ( Computer simulation for lOGbit/s 4WDM after 7500km transmission) 


(2) Optical amplifier 

Low-noise and wide-bandwidth EDFAs have been developed for 10 Gbit/s WDM systems. 
980nm pumping allows us to reduce the noise figure of EDFAs significantly compared with 
conventional 1480nm pumping. The typical noise figure for 980nm pumped EDFA is 4.0dB. Highly 
reliable 980nm-pump laser diode modules have already been developed for 160 Gbit/s submarine 
cable systems[8]. 

Broad and flat gain bandwidth of optical amplifiers is one of the key requirements for 
supporting massive WDM signals. Bandwidth has increased from 2nm to 20nm in commercial 
systems with proper gain equalization techniques such as long-period fiber grating and Fabry-Perot 
etalon filters. This homogenous gain equalization scheme is more effective in minimising peak 
power variation and excess nonlinear effect during transmission than in terms of a block gain 
equalization scheme. 
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(3) Optical fiber 

Fiber parameters have changed with system capacity increase. In most of the single-channel 
optical amplifier systems (TPC-5), DSF with a small dispersion of around -0.2ps/km/nm was used 
to mitigate the SPM-GVD effect. In the FSA system, to accommodate 10 Gbit/s transmission, a 
larger dispersion of around + /-lps/km/nm, and dispersion allocation management between the 
repeaters were adopted[9]. In the 2.5 Gbit/s based WDM systems, non-zero dispersion shifted fiber 
(NZ-DSF) with a relatively large negative dispersion of -2ps/km/nm has been introduced to reduce 
FWM efficiency between WDM channels. 

In 10 Gbit/s based long-haul transoceanic distance WDM transmission systems, the effective 
area of the transmission fiber was increased up to 70~80pm 2 , to reduce the nonlinear effect. 
Reduction of the third order dispersion is another crucial issue, since nonlinear waveform 
distortion caused by the interaction between the fiber nonlinear effect and large accumulated 
chromatic dispersion during transmission significantly limits the transmission performance. In 
general, the Aeff and third order dispersion have a trade-off relation, i.e., the third order dispersion 
is increased with increase of the Aeff. To reduce both the nonlinear effect and third order 
dispersion of the transmission line, a hybrid fiber span of large core fiber (LCF) and NZ-DSF has 
been proposed[3,4]. The LCF ( A e ff > 70pm 2 , slope:~0.11ps/km/nm 2 ) is placed at the high signal 
power portion after the EDFA to reduce the nonlinear effect. NZ-DSF with low third order 
dispersion (~0.06ps/km/nm2) and moderate A c ff (~55pm 2 ) is placed after LCF where signal power 
is lower to keep the average third order dispersion low. With this hybrid fiber span configuration, 
both the nonlinear effect and third order dispersion can be effectively reduced and we can take full 
advantage of LCF characteristics. Figure 5.5 shows the evolution of A e ff and span-average third 
order dispersion together with system capacity and bandwidth. 



Year Year 


(a) Effective area (b) Third-order dispersion 

Figure 5.5 Evolution of fiber parameters 











216 Optical Submarine Cable Systems 


(4) Expected capacity for LCF/NZ-DSF systems 

Figure 5.6 shows the demonstrated capacity-distance product with different criteria of Q>15.6dB 
and Q>14dB for lOGbit/s-based WDM transmission using NZ-DSF with large effective area, which 
is used for 160 Gbit/s transoceanic systems. Figure 5.6 clearly indicates that maximum capacity 
strongly depends on the system length. Since accumulation of dispersion and nonlinear effects 
with distance causes significant waveform degradation, the transmission characteristics for the 
channels far from system zero dispersion wavelength become worse due to the third order 
dispersion of the fiber[10,ll]. Further capacity expansion for transoceanic submarine cable systems 
requires the overcoming of this wavelength dependency of the performance as well as the 
broadening of the gain bandwidth of an EDFA. 
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Figure 5.6 Capacity-distance product with lOGbit/s-based WDM transmission using NZ-DSF with large Aeff 

5.3 TECHNOLOGY FOR LONG DISTANCE WDM TRANSMISSION OF TERABIT 
CAPACITIES 

5.3.1. OPTICAL FIBER DESIGN ASPECTS 

Transmission capacity is increasing remarkably in long-haul WDM transmission systems. For 
further progress, wider usable optical bandwidth in terms of both amplifier gain and fiber 
dispersion is required. In conventional lOGbit/s-based WDM system configuration using the DSF, 
however, a large accumulation of dispersion due to the third order dispersion of fiber causes severe 
performance degradations after long distance [3]. For further expansion both in capacity and 
distance, dispersion management to eliminate high order dispersion of fiber will be one of the key 
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(1) Wideband transmission by higher order fiber dispersion management techniques 

The number of signal channels depends on the available optical passband width of the system as 
well as the channel spacing, so that increasing the available optical passband width is essential for 
increasing the transmission capacity of WDM systems. This is mainly determined by optical fiber 
characteristics such as dispersion and nonlinearity, as well as the gain bandwidth of optical 
amplifiers. In particular, long-haul systems are significantly impacted by the interplay between 
fiber dispersion and nonlinearity, so very careful consideration of the dispersion characteristics is 
needed [12]. 

Fiber nonlinearity and dispersion are known to cause signal waveform distortion and inter¬ 
channel interaction between WDM signals [13]. Waveform distortion, which is due to the interplay 
between SPM and dispersion, can be reduced by decreasing the value of dispersion. This value 
mainly depends on second-order-dispersion, i.e. GVD. On the contrary, inter-channel interaction, 
which is due to XPM or FWM, becomes smaller as the GVD value increases. 

Conventional WDM systems resolved this conflict by using non-zero dispersion fibers to achieve 
large local GVD and inserting dispersion compensators at regular intervals to eliminate GVD over 
the entire system. Such configurations successfully reduce both the inter-channel interaction and 
the signal waveform distortion caused by the interplay of fiber nonlinearity and GVD. 

Such an approach, however, manages only second-order-dispersion, so signal channels that 
deviate from the average zero dispersion wavelength (ZDW) experience dispersion accumulation 
along the entire system length because of the existence of higher order dispersion. This 
accumulated dispersion leads to waveform distortion in those signal channels due to the interplay 
with SPM and the distortion becomes more significant with the channel bit rate. Thus, the existence 
of higher-order dispersion limits the available passband width of the WDM system in terms of fiber 
characteristics. This restriction has become critical given recent demands for long-haul WDM 
systems with SDH data rates of 10 Gbit/s or more [12, 14]. 

This section describes a dispersion management technique suitable for long-haul WDM systems 
that cover both second- and third-order dispersion characteristics of the system and suppresses 
both waveform distortion and inter-channel interaction.[15] The outline and design technique of 
the dispersion management scheme is described in section (a). Section (b) shows that such a 
dispersion managed transmission line has a unique RZ signal transmission characteristic that is 
unlike that seen with linear pulse propagation. These results, together with wideband optical gain 
equalization, realize transoceanic WDM transmission of capacities over 1 Tbit/s. 

(A) Design of a higher order fiber dispersion management line 
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Figure 5.7 Proposed second-and third-order fiber dispersion management 

The proposed dispersion arrangement, which considers both the second- and third-order 
dispersion characteristics, is illustrated in Fig. 5.7. Each repeater span basically consists of two 
kinds of fibers; one has positive second- and third-order dispersion values (positive-dispersion 
fiber: PDF) and the other has negative values (negative-dispersion fiber: NDF). [16] Both the 
second- and third-order dispersion characteristics of the system should be simultaneously managed 
to realize transoceanic distance transmission. 

For second order dispersion control, we arrange the PDF (dispersion value is D 2p , length is L p ) 
and NDF (D 2n and L„) so that the subtotal of their products in each repeater span, i.e. L p D 2p +L n D2 tl/ 
is not zero but remains a constant value. This is because the local second-order dispersion value 
should be as large as possible to reduce the inter-channel interaction caused by fiber nonlinearity as 
is the case in the conventional scheme. 

The second order dispersion accumulated over several repeater spans (the sum total of each 
LpD 2p +L„D2„) is then compensated by a set of positive-dispersion fibers inserted at a predetermined 
dispersion compensation interval, L s . As a result, the second-order dispersion value in the unit 
dispersion management span, Ls is forced to zero. This is because the average value should be small 
to avoid the waveform distortion caused by the interaction between SPM and dispersion. 

If L s is composed of M spans of sets of PDF and NDF, and the length of PDF for dispersion 
compensation is given by L p/ then the second-order dispersion value of the unit dispersion 
management span is expressed by the following relationship. 


D = 


DJML+L') + MD 2 L 


(5.1) 


On the other hand, the second-order dispersion value before compensation is given by 
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M(D„ L+D,LJ DX+P ; „L, . (5 2) 

U L+K 

which would typically be minus a few ps/nm/km for effective suppression of inter-channel 
interaction. Such a combination of PDFs and NDFs must simultaneously reduce the third order 
dispersion to the greatest possible extent. Our approach is not to make the third order dispersion 
zero in each repeater span (i. e. LpDSp+LnDj^) but zero over the unit dispersion management span, 
L s , due to the need to achieve the above-mentioned second-order dispersion management. 

The total third-order dispersion value of the span Ls, is given by 

DJML+L'J + MD 3 L„ . (53) 


Provided that D 2s equals zero, we can obtain the following simple expression for D 3s , 


= _D* _ R- R, 

_1 _ 1 _ J_ 1 _ 

D 2p " D, D 2t D. 


(5.4) 


where and R„ mean the ratio of third- to second-order dispersion values for PDFs and NDFs, 
respectively. (5.4) suggests that the third-order dispersion value over the entire system is mainly 
determined by the miss-match between R p and R„ of both kinds of fiber. 



Figure 5.8 Third-order dispersion value of the entire transmission line normalized by that of the PDF (D3s/D3p) 
versus second-and third-order dispersion ratio miss-match between PDF and NDF (Rn/Rp) for the 
second-order dispersion ratios between PDF and NDF (D 2 „/D 2p ) of 0.5,1, and 2. 
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Figure 5.8 shows the calculation result for the third-order dispersion value of the unit dispersion 
management span normalized by that of the PDF, D 3s /D 3p against the dispersion miss-match factor, 
R„/Rp with different values of D 2n /D 2p . We can see that the absolute value of D 3s /D 3p linearly 
increases as R„/R r deviates from one, and that its behavior depends on D 2n /D 2p . For example, D 3s 
can be reduced to 1/10 of D 3p if R n /R p ranges between 0.8 and 1.2 for the case D 2 „ /D 2p = 1. 

In our experiment, the PDFs used were so-called single-mode fibers. The NDFs were designed to 
match the PDFs in each repeater span in terms of second- and third-order dispersion, unlike the 
conventional dispersion compensation fibers (DCFs). We located the PDF ahead of the NDF in each 
repeater span to reduce the fiber nonlinear effects because the PDF has a larger mode-field 
diameter, typically 9 to 10 micrometers, than the NDF. We also note that its mode field diameter is 
larger than that of typical conventional dispersion-shifted fibers (DSFs). 

The effect of fiber nonlinearity and dispersion is generally described by using the "characteristic 
length" [13]. Waveform distortion caused by SPM and second-order dispersion depends on the 
product of nonlinear length and dispersion length [17, 18]. To suppress significant waveform 
distortion, the lengths of positive and negative fibers, Lp and Ln, should satisfy the following 
relationship; 

L - s 'TCJC .(5.5) 

L - < i/L D 2 „L nl>s .(5.6) 

where L d2 and L ni are dispersion length and nonlinear length for either kind of fiber, 
respectively. 

To effectively reduce inter-channel interaction due to XPM, the dispersion compensation 
interval, Ls should be sufficiently longer than the walk-off length L^,, which is determined by the 
signal pulse width, channel spacing, and second-order dispersion [12, 13]. On the other hand, Ls. 

must be shorter than the square root of the product of nonlinear length and dispersion length as 
is true for L p and L, r These relationships are expressed as 

K<L,<-JL D2 L NIs .(5.7) 

By use Equations (5.1) to (5.7), is yielded the fiber arrangement in a higher-order dispersion 
management transmission line. 

In what follows, we calculate these lengths for a system with typical parameters; the signal has a 
Gaussian pulse shape with a full-width of half-maximum of 100 ps (NRZ), fiber nonlinear 
coefficient is 3.2 x 10' 20 m 2 /W. If PDF has effective core area of 66 mm 2 and second-order dispersion 
of 17 ps/nm/km, it becomes 357 km when path-averaged signal peak power is 0.7 mW. On the 
other hand, for NDF, this is 258 km, given that the effective core area is 21 mm 2 , second-order 
dispersion is 27 ps/nm/km, and path-averaged signal peak power is 0.25 mW. With RZ signal 
pulses, these lengths are simply reduced by a factor of /8" because they have half the pulse width 
of NRZ signal pulses and twice the signal peak power if the average optical power is the same. 
These results suggest that we can configure each repeater span, the typical length of which ranges 
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less than several tens of km, with a set of PDF and NDF. 

If we assume the channel spacing to be 0.8 nm and D 2s at -2 ps/nm/km, L w is calculated to be 
37.5 km for NRZ pulses; the value is halved for RZ pulses. Provided that each re peater spacing 
consists of PDF and NDF (each 20 km long) in addition to the above parameters, Vequals 
998 km. These results allow us to realize the proposed dispersion managed span with realistic 
parameters. 

(B) Performance of the higher order dispersion management system 


The dispersion characteristics of the transmission line using fibers that have opposite signs in 
terms of second and third order dispersion was measured. Figure 5.9 shows the relative group 
delay and dispersion characteristics measured for the entire 362 km loop length. The typical 
repeater span length between the EDFAs was 40 km. The typical second and third order dispersion 
values of the positive dispersion fibers (PDFs) were +17 ps/nm/km and 0.06 ps/nm 2 /km, 
respectively. The values of the negative dispersion fibers (NDFs) were -27 ps/nm/km and -0.06 
ps/nm 2 /km, respectively. We arranged the fibers so that the subtotal of their second order 
dispersion values was not zero but ranged around -3 ps/nm/km in each repeater span. We found 
that the third-order dispersion was successfully reduced to 0.013 ps/nm 2 /km at the measured 
wavelength range, about 1/6 that of a typical DSF. 
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Figure 5.9 Measured group delay and dispersion characteristics for 362-km amplifier-fiber chain 


We measured the single channel transmission performance The signal power output from each 
EDFA was set to around -2 dBm. The loop length was 362 km and third order dispersion was 
reduced to 0.013 ps/nmVkm. To change the signal wavelength separation from the zero dispersion 
wavelength (ZDW), we modified the dispersion allocation slightly in addition to changing the 
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signal wavelength for measurements that exceeded the optical passband-width of the EDFAs. 



Figure 5.10 Electrical SNR and optical bandwidth of single-channel RZ pulse 
versus wavelength offset from the average ZDW 

Figure 5.10 shows the electrical signal-to-noise ratio (SNR) and optical bandwidth of the 10 Gb/s 
RZ pulses with duty ratio of 50 % after 9050 km transmission. It can be seen that the dependence of 
the SNR on the offset from the ZDW is asymmetrical, not symmetrical. Larger SNR was achieved in 
the anomalous dispersion region ( average over the transmission line). Such a dependency suggests 
that the pulses transit the transmission line not as linear pulses but are significantly affected by 
fiber nonlinearity. We consider that the periodic dispersion fluctuation and SPM compress the RZ 
pulses such that they exhibit soliton-like behavior. Moreover, the pulse broadening was reduced as 
the signal wavelength diverged from the ZDW in the anomalous dispersion region; SPM does not 
necessarily broaden the optical spectrum in such a condition as is true for soliton pulses. The 3 dB 
and 10 dB optical bandwidths changed from 0.41 to 0.16 nm and 0.68 to 0.31 nm in the measured 
wavelength range, respectively. We note that this narrow optical spectrum is satisfactory in WDM 
systems, because it suppresses the inter-channel crosstalk experienced during optical filtering in 
front of the receiver well. Consequently, the above results indicate that setting most signal 
wavelengths to be longer than ZDW yields the best transmission performance in such a dispersion 
managed line. 
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Wavelength (nm) 

Figure 5.11 Dispersion characteristics of the transmission line and the optical spectrum of 
the 25 X 10 Gbit/s WDM signal measured after 9288-km transmission 


WDM transmission using the dispersion management technique was established as shown in 
Fig. 5.11. To cover the wide wavelength range of 16.8 nm for WDM transmission, the third order 
dispersion value was further reduced to 0.0067 ps/nm 2 /km, l/10th the typical value of 
conventional DSF. As expected from the result in Section III, significant spectral broadening was 
observed at the signal channels near the ZDW but not in the longer wavelengths. 


(a) Reduction of nonlinear effect 

To alleviate the increasing impact of fiber nonlinearity due to narrower channel spacing and 
larger channel count, the fiber placed at the output of the repeater should have a larger Aeff and 
moderately large dispersion compared with the conventional SMF whose Aeff is around 80 p m~. 
With standard SMF and slope compensating fiber (SCF) or reverse dispersion fiber (RDF) 320Gbit/s 
over 8600km or 500Gbit/s over 7760km transmission has been achieved[19],[20]. The advantage of 
the advanced dispersion map with low third order dispersion becomes obvious for longer 
transmission distances, over 7000km. The expected capacity is almost double that of the LCF/NZ- 
DSF systems. Furthermore, on increasing the Aeff of positive dispersion fiber, capacity can be 
increased more than 1 Tbit/s. 


(b) Terabit DWDM transmission 

Since lOGbit/s seems to be the most promising channel bit rate for near-term submarine cable 
applications, we need to transmit 100 channels to achieve 1 Tbit/s capacity. Considering the fact 
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that 30nm is the practical bandwidth-limit for silica-based single-band EDFAs, the channel spacing 
should be less than 0.3nm to accommodate 100 channels in the 30nm bandwidth. Either C-band or 
L-band EDFA is basically applicable for the 30nm bandwidth. However, considering the necessary 
repeater output power to carry Tera-bit/s signals, efficiency is a crucial point to alleviate the severe 
pump power requirement of much more than lOOmW for submarine cable applications. From this 
perspective, C-band EDFA is the right choice although this requires a rather complicated gain¬ 
equalizing filter-shape. Terabit transmission experiments has been reported with 0.3nm DWDM 
transmission. As an example, optical spectrum and Q-factor of terabit (100x10.7Gbit/s) 7750km 
transmission experimental] is shown in Fig. 5.12. The average Q-factor was 14.3dB without the 
FEC which is almost sufficient for practical applications[22]. Flat performance was achieved for 
almost all the channels owing to the dispersion-flattened fiber spans. 
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Figure 5.12 (a) Optical spectrum and Q-factor (b) after 7750km transmission for lTbit/s 
DWDM signals (100x10.7Gbit/s) with 0.3nm channel spacing 
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5.3.2. WIDEBAND OPTICAL AMPLIFICATION TECHNIQUES 
(1) Optical amplifier gain equalization using fourier synthesis 
(A) Outline of the gain equalization using fourier synthesis 

In addition to the fiber dispersion characteristics, the gain bandwidth of the optical amplifier 
cascade should be precisely managed to achieve the optical passband required for WDM 
transmission. The optical bandwidth of the chain can be increased by using gain equalizers (GEQs) 
[14][15]. An algorithm for precise equalization is essential to expand bandwidth further, because the 
accumulation of slight errors of GEQs seriously influence long distance system performance. [23] 



F4(0 



Figure 5.13 Constructin of a gain equalizer 


Figure 5.13 illustrates the concept of the proposed GEQ. When a gain profile of a series of 
optical amplifiers, G(f), is given, -G(f) can be expanded as follows. 


-G(f) = c„+ l 



+ b. sin 



(5.8) 


where T is the fundamental period of Fourier expansion and c 0 are DC components. By setting 
the filter characteristic, Fi(f), to one term of each period in the above equation, the combination of 
Fi(f)s can be approximated as -G(f). Here, F, (f) is defined as 


F,(fi = c, + fl.coslf — / 


+ b, sin I i f 


(5.9) 


The error of the approximation is smaller, as the degree of Fourier series is higher in theory. 
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However the error does not always converge in practice, because the realization of filter modules 
that have sinusoidal characteristics that satisfy(l) is difficult. The actual filer characteristic is 
defined by following equation. 


m=c l+ z 


(X.. = X 


a * cos \j^r f\+ K sin 


T 


(5.10) 


W«M '«*>> 


Associating each term of (5.10) to the same period yields. 


F"(f) = c l +(Za^cos ;Tr-/] + (l^)sinii— /j .(5.H) 


Associating each term of (5.9) and (5.11), then we have 


a ii = a.- 

W>i 


b, = b- Y.b, 


(5.12) 


Designing the filter modules on the basis of |a, f } and |b 2 f ) enables precise gain equalization. 



Figure 5.14 Equalized optical spectra at 1,935 km 
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number of filters, n (degree of Fourier expansion) 

Figure 5.15 Gain flatness vs. number of filters 

Figure 5.14 shows optical spectra with and without GEQ each of which was designed using 
(5.12). A pre-emphasis was not used. The GEQ, consisting of three Mach-Zehnder filters with 
periods of 25.6 nm, 12.8 nm, and 8.5 nm and a Fabry-Perot filter with a period of 6.4 nm was 
inserted at the end of the loop, where the fundamental period was 25.6 nm. It is clear that the gam 
flatness is improved by increasing the number of filters. Figure 5.15 shows gain flatness as a 
function of filter number, where the filters were added in order of period length. The solid line 
indicates the theoretical value that is derived from the remaining error when the gain profile is 
expanded to Fourier series of the n-th degree. Closed circles indicate the experimental results with 
the GEQ conventionally set using (5.10), while closed squares indicate the modified one using 
(5.12). Closed squares agree well with the solid line for large filter numbers. 

(B) Transmission performance using the fourier synthesis gain equalization 

Long haul transmission experiment using the gain equaplization technique was conducted [24], 
The gain equalization has a three step process. First, a fiber grating type filter was placed after some 
EDFAs to suppress the excess gain peak generated at around 1530.0 nm. Mach-Zehnder filters with 
long period were placed after the EDFA cascade to roughly equalize its optical passband 
characteristic. Finally, a gain equalizer (GEQ) consisting of several periodic filters was inserted at 
the end of the recirculating loop to equalize the remaining variation (slight) in the passband. This 
combination of filters was designed according to a Fourier series expansion of the gain 
characteristic of the transmission line. 
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Figure 5.16 
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Relative loss of filters as a function of wavelength and optical spectra of 48 cw lights after 1,935- 
km transmission. Relative loss of M-Z filters with FSRs of (a) 51.2 nm, (b) 25.6 nm, 

(c) 17.1 nm, (d) 12.8 nm, (e) 10.2 nm, and (f) 8.5 nm, (g) Relative loss of a compound GEQ and 
optical spectrum without the GEQ (h) Optical spectrum with the GEQ 
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Figure 5.17 Q factors and OSNRs of 48 WDM signals at 7,760-km 
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Figure 5.18 Optical spectrum of 48 x 10 Gbit/s RZ signals after 7,760-km transmission 

Optical responses of filters composing the GEQ are shown in Fig. 5.16. The GEQ consisted of six 
Mach-Zehnder filters with FSRs of 51.2 nm, 25.6 nm, 17.1 nm, 12.8 nm, 10.2 nm, and 8.5 nm. The 
optical spectra at 1,940 km with and without GEQ are added to Fig. 5.16. The GEQ realises the exact 
inverse of the response of the EDFA cascades. 

Q factors and optical signal-to-noise ratios (OSNRs) of 48-channel WDM transmission over 7,760 
km are shown in figure 5.17 as functions of signal wavelength. The GEQ ensured that all channels 
had OSNRs above 16.5 dB over 28 nm and that the variation was only 5 dB. Even the worst Q factor 
yielded was better than 15.6 dB. All channels achieved the BER of less than 10' 9 . Figure 5.18 shows 
an optical spectrum. The wavelength characteristic of the spectrum is slightly uneven due to 
insufficient higher-order terms of the Fourier expansion, i.e. FSR shorter than 7.3 nm. Increasing the 
number of filters would flatten the wavelength characteristic even more. 

5.4 TRANSMISSION TECHNOLOGIES FOR MULTI-TERABIT SYSTEMS 

5.4.1. ULTRA-HIGH SPEED TDM SIGNALING TECHNOLOGY 

(1) 40 Gb/s technology 

For multi-terabit transmission systems, higher bit-rate WDM transmission is attractive, since it 
has the potential to increase the aggregate capacity without increasing the wavelength count. A 
channel bit rate of 40 Gbit/s is the promising candidate for future submarine cable systems as well 
as terrestrial systems. 
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(A) OTDM 


Optical time division multiplexing (OTDM) is one way to increase the channel bit rate. Figure 

5.19 shows the scheme of OTDM and optical time division demultiplexing. Optical short pulse is 
needed to generate optical short pulse generation and the optical gate for demultiplexing. Figure 

5.20 shows an example of 40 Gbit/s demultiplexing signals. An electro-absorption (EA) modulator 
was used as a stable optical pulse generator at the transmitter and a two-stage optical gate based on 
EA modulator was used for the 1/4 demultiplexer. 
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Figure 5.19 Optical time division multiplexing and demultiplexing 
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Figure 5.20 40Gbit/s OTDM signals (upper) and lOGbit/s demultiplexing signals(lower) 


(B) Electrical MUX-DMUX technology 

TDM systems based on fully digital IC technology offer significant advantages such as ease of 
operation, administration, and maintenance (OA&M), and compact size, while increasing the 
channel bit rate. This section introduces a 40 Gbit/s TDM system prototype based on InP HEMT 
digital IC technologies, which reflects the state of the art 40 Gbit/s system.[25, 26] 




Figure 5.21 Block diagrams of 40-Gbit/s transmitter and recever 
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Figure 5.21 shows the block diagram of the developed 40 Gbit/s TDM system prototype 
developed. The transmitter consists of a 10 to 20 Gbit/s 4:2 multiplexer (10/20 G MUX) unit, and a 
clock distribution (CLK DIST) unit. The 10/20 G MUX unit consists of two GaAs 2:1 selectors (SEL) 
and a GaAs CLK distributor ICs, which are mounted in a 84-pin RF package, and it multiplexes the 
four 10 Gbit/s data streams into two 20 Gbit/s data streams. In the 40 Gbit/s TX unit, the two 20- 
Gbit/s data streams are multiplexed to a 40 Gbit/s data stream by an InP HEMT SEL. Regeneration 
of the InP F1EMT D-type flip-flop (DFF) eliminates the asymmetry between even and odd channel's 
eye openings. External continuous-wave light is modulated by a LiNb03 (LN) Mach-Zehnder 
modulator with a low-driving voltage of 3.0 V. An automatic bias controller (ABC) is used to 
compensate for the DC drift of the LN modulator. The CLK DIST unit generates 20-GHz and 40 
GFIz clock signals by using frequency doublers and distributing them to other units. 

The receiver consists of a 40-Gbit/s receiver (40-G RX) unit, a 20-Gbit/10-Gbit 2:4 demultiplexer 
(20/10-G DEMUX) unit, and a timing recovery (TIM) unit. The 40-Gbit RZ consists of a uni¬ 
traveling-carrier photodiode (UTC-PD), an InP HEMT DFF, a 1:2 demultiplexer (DEMUX) and a 1:2 
frequency divider (DIV). The UTC-PD generates a 1.0 Vp-p output and directly drives the DFF. This 
direct driving reduces the number of electronic parts and relaxes the gain flatness constraint in 
equalization. The input 40-Gbit/s data stream is demultiplexed into two 20-Gbit/s data streams by 
the DEMUX. The 20/10-G DEMUX units consists of four Si bipolarDFFs, a GaAs MESFET DIV and a 
clock distributor (DIST). These ICs are mounted in a compact package using SMA connectors. Each 
20-Gbit/s data stream from the 40-G RX unit is divided into two by using a power divider and 
demultiplexed into two 10 Gbit/s data streams by the DFFs with 10 GHz clock signals. The 
maximum skew of the four 10-Gbit/s data was only 12 ps. The TIM unit recovers the 40 GHz clock 
signal by using a differentiator and a half-wave rectifier. The measured Q value of the bandpass 
filter is 700. All the electrical input and output of the transmitter and receiver use the source- 
coupled FET logic (SCFL) interface. The transmitter and receiver can be mounted on an NTT 
standard 300-mm height rack. The power supply voltage is -48 V. 
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(a) Transmitter output 
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(c) UTC-PD module output 
(40-G Rx) 
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(b) InP-HEMT DFF output 
(40-G Rx) 
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Figure 5.22 40Gbit/s signal waveforms in the transmitter and receiver 






















Future Prospects of the Submarine Cable System 233 




(a) 0 km 


(b) after 100 km 


Figure 5.23 BER performance of 40 Gbit/s transmission experiment 

Figure 5.22 shows the eye diagrams of the output of each units obtained by a sampling 
oscilloscope. It can be seen that each unit operates well . Figure 5.23 shows the bit-error-rate 
performance of the transmitter-receiver pair. A high receiver sensitivity of -24.6 dB was achieved 
and the deviation in sensitivity among the four 10 Gbit/s channels is as small as 0.4 dB. The TIM 
unit successfully generated a 40-GHz clock with a small timing jitter of 210 fs rms. 

(2) High bit rate WDM transmission 

(A) Dispersion managed soliton 

For multi-terabit transmission systems, a higher bit-rate WDM transmission is attractive, since it 
has the potential to increase the aggregate capacity without increasing wavelength count. The 
major results obtained so far have been achieved by employing a dispersion managed soliton 
transmission scheme or a periodic dispersion compensation scheme[27] which can reduce Gordon- 
Haus timing jitter in soliton-based high bit rate transmission. 

In soliton transmission, a random variation of the soliton center frequency, caused by ASE noise 
of optical amplifiers and fiber nonlinearity, is translated into Gordon-Haus timing jitter through the 
non-zero fiber dispersion[28]. Zero-dispersion transmission maintaining soliton characteristics 
could prevent the translation of frequency variation into timing jitter. For this purpose, a novel 
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transmission scheme using periodic dispersion compensation has been proposed[27]. 

Figure 5.24 shows the dispersion maps for the conventional soliton transmission and the 
proposed transmission with periodic dispersion compensation. In the conventional soliton 
transmission system, where the cumulative chromatic dispersion increases along the system, the 
variance of accumulated Gordon-Haus jitter increases by a factor of DL 3 without inline optical 
filters[28] or of DL with inline optical filters[29, 30] ( D: chromatic dispersion (ps/km-nm), L: total 
system length(km)). 

On the other hand, in the proposed dispersion-managed (DM) soliton scheme, where the 
cumulative chromatic dispersion is offset periodically along the system by the dispersion 
compensation fiber (DCF) with negative (normal) dispersion, the accumulated timing jitter does not 
increase significantly because the total system dispersion is close to zero. The timing jitter caused 
by other frequency variations, such as source spectral broadening or acoustic effect, can also be 
suppressed in this transmission scheme. 



Figure 5.24 Schematic diagram of periodic dispersion compensation scheme 

In such dispersion-managed soliton transmission, the signal pulses are distorted by the 
dispersion compensation; however, they can be reshaped by soliton formation since local dispersion 
of the transmission fiber is positive (anomalous) within each compensation interval. Non-soliton 
components can be reduced by inline optical filters. 

The effectiveness of DM soliton for timing jitter reduction has been confirmed in 20Gbit/s single 
channel transmission both in circulating loop experiments and straight line transmission 
experiments[31]. Figure 5.25 shows the experimental results. Q 2 was changed almost linearly with 
distance. This tendency indicated that Q 2 degradation is mainly due to SNR decrease and that the 
waveform distortion and timing jitter are quite small. A large power window is another feature of 
the DM soliton scheme[27, 32], while the power level and dispersion should satisfy a deterministic 
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relation in the conventional soliton transmission scheme. It is proven in 8100km straight-line 
experiments that the DM soliton transmission scheme is robust against amplifier power variation 
and span loss increase[31]. 



Figure 5.25 Q-factor vs distance for 20 Gbit/s dispersion managed soliton transmission 

(B) 40 Gbit/s transmission 

With increase of the channel bit rate up to 40 Gbit/s, careful dispersion management is required, 
in terms of accumulated dispersion, local dispersion, and average dispersion, in order to mitigate 
both the soliton-soliton interaction between adjacent channels and Gordon-Haus timing jitter. 
Figure 5.26 shows a transmission distance for 40Gbit/s signals as a function of local dispersion for 
a dispersion compensation period of 35km, 70km, and 105km[32]. In 40 Gbit/s long haul 
transmission, the transmission distance strongly depends on the accumulated dispersion and local 
dispersion as shown in Fig. 5.26. The error free (BER <10 9 ) transmission distance of 8600km has 
been achieved with parallel polarization between adjacent channels. By reducing soliton-soliton 
interaction by employing orthogonal polarization, the transmission distance was increased to 
10200km, as shown in Fig. 5.27. 
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Figure 5.26 Transmission distance vs fiber dispersion in 40Gbit/s transmission 



Figure 5.27 BER and waveform for 40 Gbit/s dispersion managed soliton transmission over 10000km 

(c) 20 and 40 Gbit/s WDM transmission 

The first Gbit/s based WDM transmission over 1200 km straight line was achieved using 
conventional dispersion management consisting of DSFs and DCFs periodically inserted [33]. 
Flowever, high bit rate WDM systems require overcoming the wavelength dependency of the 
performance. To obtain a constant dispersion over a wide bandwidth, dispersion flattened fiber is 
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needed. A combination of large positive dispersion (D>16ps/km/nm) fiber and dispersion 
compensation fiber (DCF) with negative dispersion and negative third order dispersion is one way 
to realize a dispersion flattened fiber span. High dispersion of local transmission fiber is useful to 
reduce FWM and XPM in dense WDM transmission. With dispersion management based on SMF 
and DCF, 20Gbit/s, 51WDM transmission over 1000km with lOOkm-repeater spacing[34], and 
20Gbit/s, 55WDM transmission over 3020km[35] and 160WDM transmission over 1500km[36] by 
using C-band and L-band amplifiers have been demonstrated. 

In 40Gbit/s transmission based on SMF and DCF, however, large accumulated dispersion within 
a fiber span results in large pulse overlap between adjacent channels[37]. In such a situation, intra¬ 
channel FWM[38] and soliton-soliton interaction become the major constraints even in a single¬ 
channel transmission. Figure 5.28 shows the two fiber arrangements of 40Gbit/s, 16WDM 
transmission experiments[39, 40]. 
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Figure 5.28 Dispersion map for 40 Gbit/s 16WDM transmission 


In Map A, a fiber span consists of a 30km-long standard SMF and a 5km-long DCF. In Map B, 
10km of Aeff-enlarged positive dispersion fiber (EE-PDF), 20km of negative dispersion fiber, and 
10km of EE-PDF were arranged to reduce accumulated dispersion and fiber nonlinear effects. 
Figure 5.29 shows the BER performance for two experiments. In Map A, error-free distance was 
about 1000km and the distance was almost doubled in Map B[40]. These results indicate that the 
reduction of accumulated dispersion and nonlinear effects is effective to increase the transmission 
distance. Further reduction of nonlinear effects in fiber is required to achieve transoceanic 40 
Gbit/s WDM transmission. Introduction of Raman amplification is considered to be one of the 
promising ways to reduce the nonlinear effects, and further improvement can be expected. 
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Figure 5.29 BER performance for 40 Gbit/s 16WDM transmission over 2000km 


5.4.2. ULTRA-WIDEBAND OPTICAL AMPLIFICATION TECHNOLOGY 


(1) Gain-band-shifted rare-earth doped optical fiber amplifiers 


The available number of wavelengths in WDM transmission systems has been limited by the 
finite gain bandwidth of erbium-doped fiber amplifiers (EDFA), even though the low-loss window 
of silica optical fiber ranges from 1450 to 1650 nm (<0.3 dB/km). Using wavelengths outside the 
EDFA-gain band is our future target for increasing transmission capacity. 
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Figure 5.30 Low loss window of silica fiber 
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Figure 5.30 shows schematic diagram of optical amplifier bandwidth, fiber dispersion vs. 
wavelength. It includes five equal wavelength-bands for ultra-wide band WDM transmission 
systems that utilize the whole low-loss window of fiber: S -band (1450 to 1490 nm), S-band (1490 to 
1530 nm), C-band (1530 to 1570 nm, corresponds to the conventional EDFA-gain band), L-band 
(1570 to 1610 nm), and L + -band (1610 to 1650 nm) [41]. As well as increasing amplifier bandwidth, 
the reducing impairments due to fiber characteristics must be considered, i .e. suppression of 
nonlinear interaction between signals in different wavelength bands (called inter-wavelength-band 
nonlinear interactions), such as SRS crosstalk, XPM and nondegenerate FWM (ND-FWM) [42]. In 
the following, triple wavelength-band transmission by ultra-wide band optical repeaters is 
described. [43] 



Figure 5.31 Experimental setup, and spectra (a) before and (b) after transmission 
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Figure 5.32 Accumlated dispersion of the transmission line 

O... channel 1 in the S + -band 
• ...channel 10 in the S + -band 
A...channel 11 in the C-band 
A... channel 22 in the C-band 
□...channel 23 in the L-band 
■ ...channel 54 in the L-band 

Figure 5.31 shows the experimental setup. It locates 10 signals in the S + -band ranging from 1464 
to 1478 nm, 12 signals in the C-band ranging from 1535 to 1558 nm, and 32 signals in the L band 
ranging from 1574 to 1600 nm. Signals in the S + - and L-bands were given equal channel spacing of 
200 GHz and 100 GHz, respectively. Signals in the C-band were given unequal channel spacing, (a 
25-GHz frequency grid was used with minimum channel spacing of 125-GHz), in order to suppress 
the degradation due to the FWM between the signals within the C band. The modulated signals in 
the S + -, C- and L-bands were then decorrelated and post-dispersion-compensated in a 10-km 
standard SMF with -200 ps/nm and -650 ps/nm dispersion compensation fibers (DCFs), 
respectively, and boosted. A thulium-doped fiber amplifier (TDFA), an EDFA, and a gain-shifted 
EDFA (GS-EDFA) were used as booster amplifiers for the signals in the S + -, C- and L-bands. Zero- 
dispersion wavelengths of the DSFs ranged from 1545 to 1557 nm. Each repeater was comprised of 
two WDM filters and a TDFA, an EDFA and a GS-EDFA. Accumulated dispersion values plotted 
against the distance of the transmission line are shown in Fig. 5.32. The dispersion of the S + -band 
signals was compensated in the repeaters and in the receiver by 5-km DSFs and a 34-km DSF, 
respectively. After transmission, the signals were pre-amplified by a TDFA, an EDFA, or a GS- 
EDFA, and received by pin photo-detectors. 
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Before transmission 


After transmission through 240-km 
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Figure 5.33 Optical spectra before and after transmission 
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Figure 5.34 Eye diagrams after 240-km transmission (a) at channel 5 in ths S + -band, 
(b) at channel 16 in the C-band, and (c) at channel 38 in the L-band 
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Figure 5.35 Bit error rates after 240-km transmission 
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• after simultaneous transmission of three bands 
O after separate transmission of three bands 

A after separate transmission of three bands, attenuation corresponding to SRS-induced 
loss was added in each span 
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Figure 5.36 Power penalty, optical SNR and eye diagams after 240-km transmission 


• ...When all the signals in the three wavelength-band were transmitted simultaneously. 
O...When only the signals in each wavelength-band were transmitted separately. 

A...When only the signals in each wavelength-band were transmitted separately, 

and attenuation corresponding to SRS-induced excess loss was added in each span. 


Optical spectra before and after transmission through the 240-km DSF are shown as (a) and (b) 
in Fig. 5.33. Fiber input power in all spans was set to about +2 dBm, -2 dBm and -2 dBm per channel 
in the S + -, C- and L-bands, respectively. Input power in the S + -band was comparatively large to 
compensate for the relatively large fiber loss (about 22 dB in the S + -band and about 18 dB in the C- 
and L-bands per 80-km DSF) and the excess loss caused by the SRS between signals in the S + -band 
and signals in the longer wavelength-bands. The signals in the S + -band suffered about 1.0 to 1.4 dB 
excess loss due to SRS in each span. Inter-wavelength-band ND-FWM between the S + -band and the 
C- or L-band was not observed in the spectrum after transmission. Figure 5.34 shows the eye 
diagrams after transmission. As a result of the prechirping, pulse narrowing can be observed, 
especially in signals in the S + -band. Figure 5.35 shows the bit error rates (BER) after transmission. 
As can be seen in the figure, error free transmission with BERs under 1 x 10‘ 10 were achieved in all 
channels. Optical signal-to-noise ratios (O-SNRs) at 0.2-nm resolution and power penalties after 
transmission in all channels are shown as closed circles in Fig. 5.36. Power penalties in the worst 
channels in the S + -, C- and L-bands were 2.4, 1.1, and 1.9 dB, respectively. To investigate the cause 
of the power penalties, we conducted the separate transmission of each wavelength-band through 
the 240-km DSF. The O-SNRs and power penalties with the separate transmissions are shown as 
open circles in Fig. 5.36. As can be seen, in the C-and L-bands, there is no difference between the 
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power penalties after the simultaneous and the separate transmission of the three wavelength- 
bands. The results suggest that the effect of inter-wavelength-band nonlinear interactions is 
nonexistent in the C- and L-bands. On the other hand, in the S + -band, O-SNRs were improved by 
about 1.1 to 1.3 dB by separate transmission, because the excess SRS loss was removed. Power 
penalties were slightly improved, which means that some power penalty was added by the inter- 
wavelength-band effect. The residual penalties of 2.1 dB in the worst channel (ch. 1 in the S + -band)] 
in the open circles in Fig. 5.36 are considered to be caused by the residual dispersion whose values 
are found in Fig. 5.32. On the other hand, possible causes of the inter-wavelength-band effect are 
waveform distortion due to the inter-wavelength-band XPM, eye closure due to SRS crosstalk [42] 
and/or SNR degradation due to SRS excess loss. To determine the cause, in the separate 
transmission of the S + -band, attenuators corresponding to the SRS excess loss were inserted after 
the DSF in each span, and the BERs were remeasured. O-SNRs and power penalties after the 
transmission are shown as open triangles in Fig. 5.36. O-SNRs and power penalties were the same 
as those after the simultaneous transmission. The results indicate that the only effect of inter- 
wavelength-band interaction was SNR degradation due to excess SRS loss. The other inter¬ 
wavelength-band nonlinear interactions were considered to be suppressed by the walk-off between 
the two wavelength-bands [42, 44]. 

(2) Raman amplification technology 

Fiber nonlinear effects are the basic impairments in optical fiber transmission, and so 
suppressing the effects is essential in most systems. However, several useful functions of fiber 
nonlinear effects can be used for various systems. SRS is one of important nonlinear effects arising 
in optical fiber. It can convert the power of pump light to another optical frequency region by an 
amount determined by the variational mode of the fiber. Accordingly, it can amplifies the signal 
whose wavelength lies within the Raman gain bandwidth, if the pump power is strong enough. The 
Raman amplification has potentially very wide bandwidth over the order of 100 nm. In addition, it 
has lower noise characteristics because of the distributed amplification along the whole fiber length 
as shown in Fig. 5.37. 
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Figure 5.37 Schematic diagram of Raman amplified transmission 



Figure 5.38 Experimental setup RPU: Raman Pump Unit, AOM: Acousto-optic Modulator, 

GEQ: Gain Equaliser, PBC: Polarisation Beam Combiner, PC: Polarisation Controller, 
OTF: Optical Tuneable Filter, AWG: Arrayed Waveguide 
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Figure 5.39 Raman gain characteristics against wavelength 


Figure 5.38 depicts the experimental set-up for Raman amplified WDM transmission.[42] The 
100 channels ranged from 1540.2 nm (194.650 THz, channel-1) to 1560.0 nm (192.175 THz, channel- 
100) with channel spacing of 25 GHz. Odd and even channels were combined on two optical paths 
and separately modulated by two LiNb0 3 (LN) intensity modulators at 10.664228 Gbit/s using a 
2 23 -l non-return-to-zero (NRZ) pseudo random bit sequence. These channels were combined with 
orthogonal polarisation in a polarisation beam combiner (PBC). The 100 signals were passed 
through a 30 km standard single mode fibre (SMF) to decorrelate the bit patterns, and were injected 
into the recirculating loop. The chirp parameters of both modulators were made negative to 
compress the NRZ pulses and no dispersion compensation fibre was used. To realise the distributed 
Raman amplification needed, the 80 km DSF was bi-directionally pumped by two Raman pump 
units (RPUs), each consisting of a WDM coupler and four Fabry-Perot laser diodes. The 80 km DSF 
used typical DSF cables with the same specifications as those installed in the field. The average 
zero-dispersion wavelength was 1549.9 nm and the span loss was 21.0 dB. The fibre input power of 
each channel was set to -18.0 dBm. At the receiver side, two optical filters were cascaded to achieve 
wavelength extraction; one was an optical tunable filter (OTF) with full-width at half-maximum 
(FWHM) of 0.7 nm and the other was an arrayed waveguide grating filter (AWG) with FWHM of 
about 0.1 nm. The adjacent channel crosstalk of this AWG was less than -20 dB. By using these 
filters, we confirmed that the average receiver sensitivity at the BER of 10' 9 was -35.0 dBm under 
back-to-back transmission. 

Figure 5.39 shows the wavelength dependence of distributed Raman gain. The gains of 
backward and forward pumping at the wavelength of 1550 nm were 18 dB and 4 dB, respectively, 
and the span loss was completely compensated by distributed Raman gain. The pump power 
launched into the DSF cable was about 500 mW for backward pumping and about 100 mW for 
forward pumping. 
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Figure 5.40 (a) Optical spectra and (b) measured BER (without FEC) and 

expected BER (with FEC) vs wavelength after 1040-km transmission 
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Figure 5.41 Comparison of Raman gain coefficient for the terrestrial DSF cable used in this 
experiment and for a typical submarine DSF cable 


Figure 5.40 shows (a) optical spectra and (b) BER performance after 1040 km (13 x 80 km) 
transmission. Signal power deviation was within 8.0 dB. The BERs obtained at the longer 
wavelength region were worse than those at the shorter wavelength region due to residual 
dispersion because the chromatic dispersion was not compensated. The worst channel was channel- 
52 (1550.3 nm). FWM slightly induced degradation only in the vicinity of 1550 nm after 1040 km 
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transmission, but the BERs of all channels were below 9.5 x 10' 5 , which corresponds to an expected 
BER of below 10‘ 12 if the FEC was used. Figure 5.41 shows the distributed Raman gain coefficient 
measured for the terrestrial DSF cable used in this experiment and for a typical submarine DSF 
cable with Raman pump wavelength of 1495 nm. The horizontal axis indicates relative wavelength 
to pump wavelength. In both cases, the gain peak was in the region located about 105 nm from the 
pump wavelength. The Raman gain coefficient for the terrestrial DSF cable was at most 10 % higher 
than that for the submarine DSF cable. This means that the pump power needed to obtain a desired 
Raman gain is almost the same for both cables. It is expected that high-capacity submarine super 
dense WDM (SD-WDM) systems can be also established by using distributed fiber Raman 
amplification (DRA). 
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CHAPTER 6 


CABLE ROUTE ENGINEERING 


6.1 DESK TOP STUDY 

As for the selection of a cable route, a route plan has to be drawn up at the beginning. This 
planned route will be determined by studying available information on the sea bed topography and 
ocean sub-bottom material. If a cable route were determined without sufficient Desk Top Study 
(DTS), marine survey would be longer and the expense would increase. Therefore, Desk Top Study 
in the preliminary design is the main work of route selection and an indispensable procedure for 
selecting an optimum route in an efficient and economical way. This section gives the outline of 
Desk Top Study of the preliminary design. 

The items involved in Desk Top Study are as follows. 

1) The collection of data and information 

Information on Natural Environment: 

Marine chart. Seabed topographic map. Seabed geological structure map. Topographic map 
of coastal sea areas. Map of land conditions in coastal sea areas, etc. 

Information on Fishing Industry: 

List of Fisherman’s associations. Map of fishing rights areas. Location of underwater fish 
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banks. Map of installation positions of fixed nets. Fishing equipment and methods, etc. 
External Information mainly on Government Departments: 

Land map. Plan of harbor. Construction plan for shore protection. Areas of anchorage. 
Coastal preservation areas. City development plan, Plan of resort development, etc. 

2) Analysis and assessment of data and information collected 

3) Mapping of data and information 

4) A study of prohibited or dangerous areas for cable installation 

Areas where it is possible to bury the cable: 

Protection against trawling operations, anchorage and abrasion 
Investigation of thickness of sediment layer for cable burial 
Investigation of locations of rocky areas 
Decision of cable type 

Areas where water is deep: 

Protection from fishing activity and human contact 
Investigation of water depth to determine cable burial or non-burial 
Determining of fishing areas and shark-infested areas 

Areas where seabed is flat: 

Protection from cable abrasion 

Investigation of locations where cable abrasion is expected 

Selection of a route where cable can be buried in a reliable way by using ROV 

Selection of a stable route for surface-lay portions in the deep-sea area where cable 

cannot be buried 

Areas where seabed is not steep: 

Protection from cable abrasion 

Investigation of water depth and steepness of seabed based on bathymetric contours 
Selection of a route by avoiding steep areas where cable burial is difficult 
Prevention of cable being damaged by landslides 
Efficient cable burial by avoiding rocky area 

Areas where seabed is not rocky: 

Protection from cable abrasion 
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Investigation of seabed conditions and locations where cable cannot be buried 
Selection of a route by avoiding rocky areas, and decision of cable type in deep-sea areas 
where cable cannot be buried 

Areas where seabed is relatively flat: 

Prevention of cable suspension and bridge 
Protection from fishing activity 

Investigation of water depth and roughness of seabed based on bathymetric contours 
Selection of a route by avoiding cable bridges and cable exposure in rough seabed areas 
Decision of cable type where cable bridges and cable exposure cannot be avoided 

Areas where there are no movements of the earth's crust: 

Prevention of cables from being damaged by natural phenomena such as seabed 
dislocation and volcanic activity 

Investigation of locations of seabed dislocation, earthquake sources and volcanoes 
Selection of a route by avoiding seabed dislocation, volcanoes and earthquake sources, 
which are the traces of movements in the earth's crust 
Decision of cable type where natural phenomena cannot be avoided 

Areas where tidal currents are slow: 

Protection from cable abrasion 
Investigation of areas with swift currents 
Selection of a route with slow tidal currents 

Areas where vessels do not cast anchor: 

Prevention of cable being damaged by anchorage 
Investigation of areas where vessels cast anchor 
Selection of a route by avoiding areas where vessels cast anchor 
Decision of cable type in areas with danger of anchorage 

Areas where there is no fishing activity: 

Protection from fishing activity 

Avoidance of paying large amounts of compensation fees to fishing unions 
Investigation of locations of fishing activity in the coastal and offshore areas of the 
landing site 

Selection of a route by avoiding fishing rights areas and good fisheries in other areas 
Decision of cable type where it is not possible to avoid the fishing area 


Places where there are no sharks: 
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Prevention of damages caused by shark bites 
Investigation of shark infested areas 
Selection of a route by avoiding shark infested waters 
Decision of cable types as a counter measure against sharks 

5) A selection of alternative routes and landing sites 

6) A comparison and assessment of routes and landing sites in view of features and economy 

7) Priority ranking for alternative routes and landing sites 

8) Conformation of suitability of each landing site 

9) Decision of the preliminary route 

Preliminary route selection is actually carried out according to the following procedure. 

Firstly, a marine chart or strip chart produced by a mapping system should be provided to cover 
the terminal station which would be linked with the submarine cable. 

Secondary, data collected during Desk Top Study, such as anchorage areas, good fishing areas, 
fixing net positions, protected areas of national parks etc., are put onto the chart with 
memorandums or notes. Steep areas, where are estimated to be more than 15 degrees obtained from 
seafloor topographic charts, are also filled in on the chart. 

Others, existing or planned pipelines, cables and relative information concerning obstacles, 
training areas for military training etc., are also drawn with name of owner company etc.. In this 
stage, using a pencil to fill them in is better than ball point pens etc., because of later revisions. 

For initial consideration of a suitable route, designers might consider the main section except the 
area approaching the seashore, according to the conditions for desktop route selection mentioned in 
the previous clause. 

If the Route Engineers can select several routes, they consider each advantage and disadvantage 
and fill them in the particular table format. After this procedure, the priority of each route is 
classified as the report of desktop study route selection. 

Furthermore, as work accompanied by route selection, specifications for conducting cable route 
surveys is examined and a tender determines a contractor. The following data are prepared for the 
specifications. 
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Route Position List (RPL) 

Straight Line Diagram (SLD) 

Route Chart 

Other specific requirement 

6.2 CABLE ROUTE SURVEY 

Cable route survey is carried out to obtain the necessary information for the selection of a cable 
landing site and a cable route. Also, it aims to collect the necessary oceanic information for 
designing the cable system such as cable type, and for planning cable laying and burial operations. 
In general, surveys are carried out to ascertain the depth of the water, submarine topography, 
geology, materials of the sea bed, water temperature, ocean and tidal current and Meteorology. 
Survey equipment for this purpose is shown in table 6.1. 


Table 6.1 Marine survey equipment 


Depth of Water 

Topography 

Echo Sounder 

Multi Narrow Beam Sounder 
Bathymetory Mapping System 

Surface of Sea Bottom 

Side Scan Sonar 

Camera 

Sub Bottom Profile 

Sonoprobe 

SG sonar 

Airgun 

Sparker 

Materials of Sea Bottom 

Grab Sampler 

Dredge 

Piston Core Sampler 

Vibro Corer 

Water Temparature 

XBT 

Electric water thermometer 

Ocean and tidal Current 

Anderaa current meter 

Burial Assessment 

Anchor towing 

Plow towing 

Cone Penetration Testing 


a) Submarine Topography 

For selection of the most desirable cable route a fairly detailed submarine topographic chart 
must be prepared. The swath system or a multi narrow beam sounding system are normally used to 
obtain submarine topography data because it can obtain the swath bathymetry and side scan image 
of 2 -7 times of water depth along the survey line while traditional echo sounder can obtain the 
water depth just beneath the ship. Since the swath system produces real time bathymetory it is very 
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useful for route development in complexed topographic areas. Schematic diagram of towed type 
system is shown in Fig. 6.1. 



There are two types of swath systems in terms of implementation of mobilization of 
transducers/receivers. One is an adopting transducer/receiver towed by ship. The other is an 
adopting transducer/receiver installed on the hull of the survey ship. The towing type system has 
the advantage of enabling use of chartered survey vessel. 

An example of the bathymetry chart developed from the survey by the swath system is shown in 
Fig. 6.2. A valley is found in the chart. A bird's eye view or 3D chart developed from the 
bathymetry data, which is useful to understand the topography of concerned area, is shown in Fig. 
6.3. 
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Figure 6.3 Example of 3D chart 
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b) Materials of Sea Bed/Burial Assessment Survey 

Investigation of the sea bed is carried out along the cable route to identify mud, sand gravel or 
rock, and to know the content and thickness of the bottom sediment. In selecting the cable type this 
data has to be taken into account to prevent cables from being damaged from abrasion. 

Where the cable has to be buried for protection, investigation of the stiffness of the sea bottom to 
a proposed burial depth is required. This survey is called the burial assessment survey. Based on 
the data cable type, a burial method is selected. Also the plow towing tension and possible burial 
depth are estimated. Since most cable faults are caused by fishing activity or ship anchors this 
survey becomes very important. The burial assessment survey is carried out by anchor/plow 
towing and core penetration testing. 

c) Positioning 

The Global Positioning System is widely used for cable route survey. Position is provided by 
measuring the distance from the satellite. There are 24 satellites in a 20,200km orbit. The GPS 
system provides positions 24 hours for anywhere. In addition, by using differential correction data 
of the GPS from the fixed station we can obtain more accurate position data. 

d) Implementation of Route Survey 

In selecting survey vessel sea conditions, water depth, survey items and cost have to be taken 
into account. The vessel may be a special vessel for ocean survey or it may be a supply vessel. In a 
shallow water area near the cable landing site a vessel of small tonnage furnished with various 
survey equipment is used. 




CHAPTER 7 


CABLE INSTALLATION TECHNOLOGY 


7.1 CABLE INSTALLATION 

It is important to lay the cable on the actual seabed without cable suspension and residual 
tension. It is essential for cable engineers to develop Lay Methodology prior to laying the cable. 
During the laying of the cable, it is also important to keep the speed of ship and the cable-lay speed 
strictly as planned and to make proper change of the ship and cable-speed when the acoustic depth 
meter forecasts unexpected bottom conditions or due to other reasons. 

The marine survey from beach to beach along the routes that were selected based upon the 
desktop study is usually conducted. The desktop study will cover the history of cable faults near 
the route, fishing and ship activity, topological faults, weather conditions throughout a year, 
permission etc. The precise depth/continuous bottom profile, soil quality of the bottom such as 
whether it is soft or hard or made up of mud, sand or clay, whether there is a fault, and sand waves 
have been collected by acoustic equipment in the marine route survey. The swath survey 
transducers installed under the hull deck of the survey vessels, or the tow fish being towed by the 
survey ship have been widely used because of competitive cost and short survey duration. In the 
burial portion the depth of sediments and quality will be measured by the acoustic and the 
electrical method. 

The cable route, type of cables, length of each cable, and the Route Position List (RPL) will be 
finalized based upon analysis of the collected survey data. The cable Transition Point (TP), the 
position of each repeater and branching unit are also decided along the route. 
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7.1.1 CABLE SLACK 


It is very common to use the word "slack" in cable lay. As there are up and down slopes in the 
sea bed, the proper length cable should be laid between two points. The slack is defined as follows. 

(cable length - distance of two points) 

slack - --- - -;- 

distance of two points 

For example, the cable length between Chikura, Chiba Prefecture, Japan to Point Arena, California, 
USA will be 8,288km with 2% slack though the distance along the great circle is about 8,125km. 

The slack will be a negative number for an upwards slope. The total slack varies according to 
lay process. The cable length in the Straight Line Diagram will be used for cable production and 
cable laying. 

7.1.2 CABLE CONFIGURATION DURING LAYING[1] 


In this section, cable configuration from the viewpoint of dynamics will be studied. The forces 
effective on the cable are shown in Fig.7.1. 


V s 



Figure 7.1 Force on the cable during laying 
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The main forces are the weight per unit length of the cable in the seawater and the normal force 
to the cable by hydrodynamics. In this section the cable tension on the sea bottom is assumed as 
zero. The hydrodynamics coefficient of the cable drag (C) is subject to the cable shape and the 
surface conditions. We have allocated 2.5 as the drag coefficient of the OS-LW having a smooth 
surface made by polyethylene from the sea trial [2], 

The force equilibrium of the normal direction of the cable is shown in (7.1) 

W-cos(6) = C(V-sin 6) 2 d-^- .(7.1) 

s 2 

Whereby W is a weight per unit length of the cable in the sea, 9 is a cable incident angle, Vs is 
the cable ship speed and d, p are cable diameter and density of the sea water respectively. 

Assuming cos 9 ^ 1, sin 9^8 for small values of 9 , then (7.1) will be simplified as (7.2). 

Vs .e-[—*Ll .( 7 . 2 ) 

J Od-P 

The constant number gives the right hand side and it is usually called the Hydrodynamic 
Constant and is expressed as H. (7.2) will be modified as (7.3). 


Vs • 9 =H.(73) 

The cable incident angle is uniquely determined as (H/Vs). Then 9 is called as the critical angle 
and 9 shows the typical cable configuration in the sea. In the ideal cable lay the cable will be 
straight in the sea from the cable ship to the bottom. However please note that when the cable ship- 
speed increases from the planned speed, or the cable lay-speed decreases against the cable ship- 
speed, the touch down point on the sea bottom will be changed, that is, the touch down point will 
be far behind. Its results increase of cable tension and the cable configuration will be catenary from 
the straight line. In this case the cable that has already been laid on the bottom will be again picked 
up and it causes unplanned slack on the cable and consequently residual tension will remain on it. 

When we imagine free-fall of a cable after the cable is set perpendicularly to the surface, from 
the equilibrium of the force, the following expression is established. 

U=H .(7-4) 


Where U is the transversal sinking velocity of the cable. 

7.1.3 HYDRODYNAMIC CONSTANT 

Here we calculate the Hydrodynamic Constant of OS-LW. The constants of the cable are 
22.5mm, 4.98kN/km for the diameter and the weight of the cable per length in seawater 
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respectively. 

With (7.3), the hydrodynamic constant will be as follows: 


H = 


2W 


2 • 0.508kg ■ 


yC-d-p 2.5 ■ 0.0225m ■ 102kg ■ s 2 / m 4 

And the transversal sinking velocity of the cable is shown below 

U=H=0.420 • 3,600=l,512m/h. 


0.420rad • m / s = 46.8degree • knot 


The exact solution of (7.1) will be calculated using the Hydrodynamic Constant as in (7.5). 

W. 

Further the right hand side is expanded, (7.5) will come to eq. (7.6) 


. n ~ H 

sin 0 =- 

Vs 


2 1 


(7.6) 


Then the critical cable angle is the function of the variable (H/V). 

For OS-LW, the value in (7.6) will give a good result with less than a 2.8 % margin of error if the 
ship-speed is more than 2 kt as shown in Fig. 7.2. 



0.5 0.6 0.75 1 1.5 2 2.5 3 3.5 4 4.5 5 

ship velocity(kt) 


Figure 7.2 Ship velocity v.s. cable angle 
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(7.6) will widely be applied to the actual laying of the cable. If the cable laid at less than 2 kt, the 
error will be large, and then the exact solution by (7.5) shall be applied to the slack calculation. 

7.1.4 CABLE SLACK MANAGEMENT 

The study of the cable length based upon the bottom profile is called slack calculation. For the 
laying of the cable to the flat bottom requires the same cable length as the distance of the two points 
if the laying of the cable will be ideally done with very slow speed because the cable critical angle 
will be 90 degree. However the slow speed laying of the cable is not economical and if the cable lay 
can be made with higher speed than this low speed, the laying of the cable will be done in such a 
way. 

In addition to the above, if the configuration of the cable has been kept straightly inclined, the 
cable will also be laid satisfactorily for the flat bottom at high speed. However to achieve a steady 
configuration of the cable, that is, until the cable will be inclined correctly, the correspondent cable 
should be laid as the following analysis. 

(1) Cable holding 

When the cable ship holds the cable with 90 degrees, the cable tension on the bottom is ideally 
zero. The position of the cable ship will move slightly due to wave action, sea current and wind, 
though the cable ship is under the control of the Dynamic Positioning System. It will sometimes 
make a cable loop in the cable touch down point and consequently the loop will be squeezed into a 
kink. The easiness of the cable kink depends upon the cable bending modulus and the rigid 
modulus of twist. It is recommended to hold the cable with some excess cable tension such as 
around 1,000 to 3,000kN in addition to the cable weight. This means the cable configuration would 
be a catenary with cable angle of 70 to 85 degrees depending on the cable type and seawater depth. 

(2) Start of laying of the cable from cable holding 

Laying of the cable will usually start from cable holding. The cable ship increases ship speed as 
well as increase of cable-lay speed. However to make the cable inclined, the insertion cable length 
would be shorter than the distance. Fig. 7.3 shows the schematic drawings of the start of the laying 
from holding. 
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Figure 7.3 Cable slack for steady laying 


The cable critical angle of the OS-LW will be 44 degrees when it is laid at lkt. It needs to lay the 
cable of about 424m from cable holding of the cable angle 80 degrees to the cable angle of 44 
degrees against the distance of 859m by simple calculation using Fig. 7.3. It means -51% slack. In 
the actual, the cable configuration would be catenary and the tension on the cable near the bottom 
will occur, then the cable tension in the ship is higher than cable weight in the sea. If the cable will 
be paid unduely in the starting, there may be a loop there. Slack control is essential to lay the cable 
correctly. 

(3) End of cable laying 

This is the reverse of start of the laying of the cable. In this case, on the contrary, the larger 
length is needed than the distance between the reduction point of ship speed and the cable holding 
point. Figure 7.4 shows the outline for consideration. 
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Figure 7.4 Cable slack for cable hold 

With the calculation you can find the cable slack will be 75%. This means lot of cable should be 
inserted compared to the actual distance to make the cable holding. 


(4) Cable lay on slope 

There are typically two kind of slopes. One is an upward slope and the other is a downward 
slope. In the actual slope, a small upward slope would exist in a large downward slope. For this 
case the cable will be laid with the adequate ship speed so as not to make a suspension when the 
cable is laid on the small upward slope while cable slack should be appropriately given to each 
segment. The length of each segment having the same slack depends upon the complexity of the 
slope. 

Also a small downward slope would exist in a large upward slope. In this case the cable will be 
laid at the same speed which will make the cable critical angle larger than the slope angle while 
cable slack should be appropriately given to each slope. 

In general if it is a downward slope the cable will be laid more than the distance and the cable will 
be laid less than the distance of a upward slope. 

When an abrupt upward slope is found, the cable ship speed should be decreased immediately 
to avoid a suspension on the bottom. Figure 7.5 shows this more clearly. 
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In this case the cable critical angle 6 should be increased by reducing the cable ship speed until 
the cable angle is more than the bottom slope. 


(7.7) 


-a. mm . 


Figure 7.6 explains the slack for the downward slope. 


Figure 7.6 Cable slack for downward slope 
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The bottom will have a downward slope from point © with the slope angle P . The 
correspondent ship position is ® with the critical cable angle 0 as illustrated. In this case, the slack 
(e) is expressed as (7.8). 


c= l 0 +( l 2 - l l >- 1 


(7.8) 


Using the triangle formula, (7.9) is introduced. 

*0 1 
sin 6 sin p sin( 6 + P) 


(7.9) 


Then (7.8) will be led to (7.10) using (7.9). 

(sin 6 +sin p) 

C sin( 6 + p) 


(7.10) 


(7.10) can be expanded to (7.11). 




(7.11) 


For an upward slope, - p is used instead of P . (7.11) can be easily memorized and it is very 
often used in the laying process to confirm the slack shortly. 

The slack change will frequently happen during the cable laying. For an unexpected upward 
slope, the cable ship will decrease her speed at once when the cable ship encounters it. But for an 
unexpected downward slope the actual slack change will be required later until the cable comes and 
touches on the beginning of the down slope, that is, the actual slack change will be made later of the 
hours that is equal to the sea depth/ cable sinking velocity. 


(5) Transient slack when cable type is changed. 

The different types of cable will be laid and connected by a splice box/repeater or continuously 
manufactured to another type of cable in cable factories. In the cable laying the change of the cable 
type needs the according slack change. 

Figure 7.7 shows the schematic drawing of the cable configuration after the change of the cable 
type. 
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W.D. = h 


Figure 7.7 Cable slack when cable type is changed. 

From Fig. 7.7 the slack will be expressed in eq. (7.12) 

(L+L-/J „ 

e= — 2 1 -1 . (7.12) 

With the triangular formulae of (7.13), (7.14) and (7.15) are introduced. 

'>s^> .< 713 > 

sinfdf) I h sin(a i )\ 

1° sin(p) ysinioLf) ^ siniapj . (7-14) 

l 2 Ij+Lsinf P) 

sin( a { + P) sin(P + a i ) . ( 7 - 15 ) 

sin( df+P) 

(7.12) will lead to (7.16). 

U j sin( a f - a { ) sin( a f +P) 1 sina^sinp 

V s -sin(a f ) j ^ + sin( P + a { ) sin( p + a J )j + sin( a .+ p) 1 (7.16) 


(7.16) is valid for the case of the cable having small H to large FI and also for the reverse case. In 
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the case of upward slope, — p is to be used instead of P . 


(6) Transient slack when cable ship speed is changed 

In this case, the slack change can be calculated by (7.17). 

Hereby e; slack before slack change, V,., V, are the ship speeds before and after the change of the 
ship speed respectively and a ., a ( are the critical cable angles before and after the change of ship 
speed. 


V* 

v\ 


• e+ 



4 





sin( a j - a,) 


(7.17) 


When the slack change occurs due to the slope or the change of cable type, the slack will be the 
sum of them in addition to the slack for the slope. 

(7) Real time slack control 


The real time slack is one of the laying methods for adjusting slack in real time mode. The 
method is outlined here. 


a) Allocate a steady slack to each cable type. For example about 1% slack for an armor cable, 
about 1 to 2 % for an armorless cable. 

b) Then divide the route into three groups: low, medium and high for the ship speed and name 
each segment. 

c) When the critical cable angle is smaller than the angle of an upward slope, the ship speed 
will be down. And the transient slack is calculated and be added to the steady slack. 

d) Calculate the transient slack for the change of cable type. 

e) If the downward slope needs larger slack than steady slack, then the cable slack to fill the 
slope will be calculated. It is called fill slack. 

f) Total the steady slack, fill slack and the transient slack for each segment. 

In the actual laying, cable engineers will carry out observation of the depth by the precise 
depth meter through the cable laying whether the bottom profile will be correspondence to 
the measured profile derived by the marine survey or not. However if there happens to be a 
large downward slope so that the slope is too large to be filled by the steady slack, then the 
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fill slack will be calculated and allocated as excess slack. 

Otherwise the cable lay will be continuously conducted with steady slack. This is called Real 
Time Slack Laying. 

The slack change will be transferred to the bottom in a second. It is important to note that the 
slack change will be made immediately when the observation of the unexpected up slope 
occurs, whereas, the slack change for an unexpected down slope will be made later. 

The transition point (TP) and the position of repeaters, branching units should be kept to the 
planned position as far as possible, because short onboard study to change such positions are 
likely to miss something such as side effects. If the cable engineer estimates a cable shortage 
due to the unexpected insertion of the cable, then the addition of cable will be conducted. 

7.2 AUTOMATIC CABLE LAYING 

Automatic cable laying has been a dream of cable ship operators. This dream has become a 
reality thanks to the utilization of the precise ship positioning and the automatic vessel control 
systems. The former technique is the GPS (Global Positioning System) and the latter is the 
combined techniques of the vessel management system and the DPS (Dynamic Positioning System). 

The ship usually utilizes the Differential GPS that has an accuracy of around 4 to 7m as average 
over a whole day. D-GPS consists of the GPS satellites and several coastal stations. The coastal 
station receives the position signal from the satellite and calibrates perturbation of the orbit of the 
satellites, minute errors of the clock in the satellites etc., and sends the calibrated signal via the 
INMARSAT to the cable ship. Then the cable ship can calculate the exact precise position 
instantaneously together with the signal from the satellites directly and the calibrated signal. The 
DGPS has been used world-wide at low cost. 

The cable ship installs a Dynamic Position System. This system can adjust the ship position, ship 
velocity and ship heading/bearing to those desired using the D-GPS. If a deviation from the course 
and position is detected, the DPS will activate the propulsion/ rudder and the thrusters to adjust it. 
The DPS has a special high-speed computer and a highly sophisticated software using feed¬ 
forward, feedback. The D-GPS/DPS are indispensable items of equipment for each cable ship. The 
cable ship usually has a redundant system of D-GPS/DPS from the viewpoint of reliability. 

When the position of the cable route, the corresponding ship speed and the slack are recorded in 
the file of the ICMS (Integrated Cable Management System) and the file is fed to the DPS 
intermittently during the cable laying, cable will be laid automatically. 

The captain and cable engineers will not be required to adjust the ship speed, cable slack etc., 
continuously, but they have to monitor them and if there is something wrong, they should amend 
them manually. 

When the final splice is conducted, both legs will be held from the bow sheaves or the stern 
sheaves for half a day or sometimes more. In this case the cable in the bottom is vulnerable to 
twists/kinks due to ship movement. The captain will keep both legs at 60 to 80 degree cable angles. 
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this means the cable tension is a little higher than the cable weight in the water. In addition to this, 
the cable is usually paid out or wound 10 to 20meters in one or two hours in accordance to each 
ship operators' regulations to shift the bend point of cable on the sheave and the sea bed. If the 
cable of 20 meters in length is paid from the stern sheaves, the ship will move forward 20m to avoid 
kinking in the bottom. 

The cable ship can be operated against the Beaufort Wind Scale 8(wind 17.2m/s, wave height 
5.5m) with small changes in ship position, sometimes in winds of 20m/s the ship can keep the same 
position with the allowed discrepancy. 

In the plowing, the information of tow tension is usually fed to the DPS and when the tow 
tension increases beyond the safety towing level or pre-set level, the DPS will decrease the power of 
propulsion. 

Also when the ship is used as the mother vessel for an ROV (Remotely Operated Vehicle), the 
ship can follow the ROV automatically. In this case the cable ship will chase the acoustic signal 
from the ROV and DPS will keep the same distance between the ship and the ROV. 

7.3 LAYING SIMULATION[2]-[5] 

The cable motion can be simulated by applying the dynamics described in Section 7.1.2 to each 
short segment of the cable. The short segment will consist of the entire cable. The equation can be 
solved by a computer very rapidly. 

While the cable is laid, the data such as cable tension in the ship, ship position, ship speed, lay 
speed, slack, hydro-dynamic constant of the cable, KP (Kilo Marker Post) from the ICMS will be 
input to the real time simulation system. The real time simulation will give the cable touch down 
point, bottom slack, cable critical angle, and cable angle at the touch down point and all this is 
displayed on the CRT. The evaluation as to whether the inserted slack is reasonable or not is 
promptly displayed to the cable engineer and this data will also be given to the cable customers. 

In areas where the sea current is strong, the latest technology has made it possible to measure 
the water current to the seawater depth of 900m or more using advanced acoustic tools. If this data 
is fed to the simulation, the lateral distance of the touch down point from the desired route can be 
displayed. If the cable is requested to lay the limited area under such environment, this method is 
very effective for laying the cable in the desired route. 

The system can also show the precise position of the repeater, spliced box, TP and the branching 

unit. 

The cable slack in the bottom will usually be insufficient in the part deployed earlier than a 
repeater. However the optimum slack to be inserted can be calculated prior to the actual laying of 
the cable. The real time simulation can suggest the suitable slack in the planing stage of the laying 
of the cable. These systems have been installed in cable ships. 

Figure 7.8 shows the simulation result of the cable lay starting. 
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Simulation result of start of laying 
(Type of cable:LW, Ship speed:0—1 kt) 



Figure 7.8 Simulation result at start of laying 


Figure 7.9 outlines the cable configuration including the repeater. 
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Cable laying with a repeater (LW Cable, Ship speed:4kt, Payout slack.2%) 



Cable recovery is shown in Fig. 7.10. 
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Simulation result of cable recovery 

(Type of cableiW, Ship speed:1 kt, Cable speed changed in order to keep the onboard tension of 8ton) 




Figure 7.10 Simulation result of cable recovery 
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7.4 INSTALLATION OF BRANCHING UNIT 

Many branching units or branching repeaters have been installed in the sea. The BU or BR (BU; 
Branching Unit, BR; Branching Repeater) is used to branch the cable into two legs in the sea. 

The branching unit has two branched legs and one trunk line. In general the cable ship 
approaches the buoy connected to one of the branched legs that have been previously laid and 
recovers it during the laying of the other branched leg. The cable lay and the recovery will be made 
simultaneously for a period of time. Then the cable splice will be made and both legs will be laid in 
the same speed in order to be able to deploy the branching unit in the desired position. Details are 
shown in Section 14.7.2. 

7.5 CABLE LANDING 

7.5.1 MULTI-CABLE LANDING 

In Japan multi-cable landing at one time is carried out. This is the use of a very narrow area for 
the cable route and the consequent saving of cable landing hours. Two or three cables can be 
landed by one landing operation. 

When plural new cables are laid in a congested area of many other cables, or the corridor for 
cables is limited by the fisherman's request, this method is very attractive. Two or three cables are 
bound by a steel wire on the cable ship during the landing operation. 

For example, three cables stored in the separated cable tank can be gathered and bound by the 
lashing machine and laid with a linear cable engine. The cable should be buried in deep not to be 
damaged by fishing activities or others. And it is needed to put marks on each cable for recognition 
for future cable maintenance. This method is applied to only shallow water sections. 

7.5.2 PIPE LANDING METHOD 

The HDD (Horizontal Directional Drilling) will be widely used to shorten the cable landing time 
and the cost saving in the second cable landing. This matches the requests from fisherman. 

A relatively big iron pipe will be inserted from the beach to the bottom of the sea without 
excavating the beach. Once the pipe was installed from the beach to the sea bottom, in the next 
cable landing the cable ship approaches the entrance to the pipe on the sea bottom and the cable is 
connected to the wire that has been passed through the pipe. On the beach the winch will pull the 
wire until the required cable is landed. 

It is very easy and large scale cost saving can be achieved. 

Figure 7.11 outlines the HDD, and Fig. 7.12 describes the various pipe routes of the HDD. 
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• Maximum drilling length 


200 meters (subject to soil materials) 


• Available drilling soil 


Clay, sand and soft rock 


• Kind of pipes 


Steel pipe and Polyethlene pipe 


• Drilling machine 

Dimensions; 5.9m(L) x :.8m(W) x 2.6m(H) 

Weight ; 4.9 ton 


Figure 7.11 Sample of HDD 
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a) Below prevention forest, coastal road and coast 



b) Below breakwater, submerged breakwater and fixed net 



c) Below river 


Figure 7.12 Application of HDD 

The pipe reaches about several hundred meters depending on the actual soil condition. This 
method will be more widely utilized in the future. 
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CHAPTER 8 


PROTECTION TECHNOLOGY OF 
SUBMARINE CABLES 


8.1 TYPICAL CAUSES OF SUBMARINE CABLE FAULTS 

The cable has been damaged by natural phenomenon such as earthquakes, landslides, abrasion 
caused by currents or wave action. Precautions against such threats are taken, such as the selection 
of safest cable route and the use of armored cable. However the majority of cable faults are caused 
by human activity on the ocean. The aggression through human activity can be divided into the 
areas of fishing (trawling, shell fishing, longline fishing, stow net fishing) and ship anchoring [1] [2]. 

8.1.1 FISHING ACTIVITY 

Otter trawling, which is the biggest threat to cables, is widely carried out over the continental 
shelf of depth of less than 200 meters. At present deepwater trawling is going on in the continental 
slopes down to 1500 meters. As the otter boards are designed to slide the surface of the seabed, the 
boards do not penetrate by more than 50 mm in normal operation and at most penetrate up to 300 
mm in very soft seabed. The deep water trawling in the future, resulting in more attacks on existing 
unburied cables. The maximum water depth for trawling is considered to be 2500 meters because of 
the biological limit and the low market value. 

Shell fishing is another threat to unburied cables, but the gear does not penetrate deeply into the 
seabed in contrast to the otter boards. 

Bottom set fixed fishing such as longline fishing has also caused damage to lightweight cables 
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from fishing hooks and damage to the cable from fishing anchors. These hooks can penetrate deeply | 
into the outer insulation jacket of the lightweight cable and cause shunt faults. As longline fishing 
increases in deeper waters over 2000 meters, the potential for damage to the exposed lightweight 
cables is growing at these depths. 

Stow net fishing is carried out in water 20 to 60 meters deep around Korea, which uses large 
anchors to hold the nets and ships in position. The strong and continuous current in such areas pull 
the nets and ships, and as a result, they move the anchor on the soft seabed. The largest anchors 
may penetrate up to 2.7 meters into the soft seabed. The risk of the anchor hooking buried cable is 
not only related to its penetration, but also to the initial drag distance. 

8.1.2 SHIP’S ANCHORS 

Ship's anchors are the greatest threat to cables in shallow water areas. Ships' anchors penetrate 
into seabeds composed of sand and stiff clay in the region of one fluke length, equivalent to about 

2.2 meters for the largest anchors. However the penetration depth is greatly increased for soft 
seabeds. For example, a 4 ton stockless anchor with a 1.6 meter long fluke penetrates 5 meters into 
soft mud. Anchors usually need tens of meters to be bednagged to get their desired holding force. 
This initial drag distance and penetration increase the chance of hooking or cutting a cable. As the 
ships anchors are deployed on relatively shallow areas and coastlines, the threat from ships' 
anchors diminishes with water depth. 

8.2 REQUIRED BURIAL DEPTH 

In areas where bottom fishing and the ships' anchoring, cables are usually armored and buried 
in the seabed. The burial depth depends on the types of threats, the hardness of the sediment, the 
depth of the water, and other factors [3]. 

Cable burial to a depth of 0.6 to 1.0 meter below the seabed provides a very effective means of 
protecting cable against fishing activity such as otter trawling, shell fishing and longline fishing. 
Otter trawling is moving deeper, beyond 1500 meters at the present time and this trend is likely to 
continue. Though stow net fishing carried out in shallow water area around Korea, the deeper cable 
burial is necessary for effective cable protection. Its required burial depth is determined in 
accordance with the seabed penetration of the fishing anchor on the target area. A burial depth of 3 
meters gives a sufficient level of protection in soft ground. 

Large ship anchors may penetrate to 1.5 meters or more, even in relatively strong soils. One 
meter burial depth has become standard under such demand for deeper burial than 60 cm, and at 
present burial depths of up to 1.5 meters in soft soils and even 3 meters in very soft soils are 
realized. Cable burial to the depth of 3 meters below the seabed is considered to provide an ideal 
protection against ships' anchors in particularly vulnerable areas, in water depths down to 150 
meters. It is also becoming common place in Asian port cities, such as Hong Kong, to bury cables 
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between 5 and 10 meters deep to protect against damage from anchor drags. 

8.3 VARIOUS TYPES OF CABLE BURIAL SYSTEM 

Cable burial has been carried out by following systems. 

1) Cable Plough 

2) Swimming type Remotely Operated Vehicle(ROV) 

3) Tractor 

4) Injector 

5) Shallow Water Cable Trencher 

Conventional systems such as towing jet buriers will not be described here, as they are now a 
secondary system. The cable plough and the Injector are used for simultaneous laying and burial, 
and the tractor, swimming vehicle and cable trencher are used for post laying burial. 

8.3.1 CABLE PLOUGH 

The cable ploughing is the most cost-effective method of burying new cables because of work 
efficiency. The cable plough can be towed by the cable ship and bury the cable simultaneously 
while laying cable. For post-laying work, a plough is not appropriate due to the limitations on 
maneuverability of a towed device. The pioneers of plough technology were AT&T in the 1960s, 
and after that many kinds of cable plough were developed by other carriers in the 1970s. These 
early ploughs burial of cables was conducted to water depth of up to 200 meters to protect the 
cables against fishing on the continental shelf, and the burial depth was 0.6 meters. These early 
ploughs could not backfill the trench for cable installation. This open trench was very poor at 
protecting the cable. 

SMD (Soil Machine Dynamics Ltd.) developed a second generation of cable plough in the 1980s. 
This cable plough was designed to bury the cable with minimum soil disturbance using the disc 
cutting system, hence maintaining maximum soil strength in the soil above the cable. In the last 
decade the burial depth has increased from 0.6 meters to 1.1 meters and recently moved towards 1.5 
meters. However in very soft grounds the burial depth of 1 meters or even 1.5 meters is inadequate 
to provide cable protection. As the cable buried to 1.8 meters between China and Korea was 
repeatedly hit by stow net fishing, a part of the cable was buried to 3 meters using a modified cable 
plough. 

The MD3 (Multi Depth 3 Meter Plough) is a third generation plough which has increased burial 
depth from 0 to 3.0 meters in soft seabed making use of the available tow force of the cable ship. 
Figure 8.1 shows the MD3. The rock ripper tooth or the forward jetting system are able to be 
combined with the MD3. A rock tooth is fitted at the front of the plough to penetrate steeply down 
into the rock. The main blade of the plough follows the line of the fractured rock prepared by the 
rock tooth. It lifts the broken rock and any soil that falls into the trench and places the cable at the 
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bottom of the trench. In areas where rock is not near the surface of the seabed, the rock tooth can be 
retracted and the plough restored to its conventional soil mode without recovery. A forward jetting 
leg is also fitted at the front of the plough to fluidize the seabed in front of the share blade with low 
pressure water jetting. This jetting has improved progress and burial depth in dense sand. 

Another of the latest ploughs is the Sea Plough VIII developed by Tyco Submarine Systems, 
which has two novel features: a jet-assisted ploughshare with improved trenching performance and 
a rudder type steering arrangement for enhanced steering [4]. Jet-assisted ploughs are similar to 
conventional passive ploughing tools and have demonstrated the ability to achieve deeper burial at 
reduced tow tension. This plough was designed to install and bury cables to a variable depth of 1.5 
meters in all soils ranging from permeable silts to compacted sand and hard clay, at operating 
speeds of up to 2.0 knots in water depths down to 1500 meters. This jet-assisted plough places the 
cable into a narrow trench, slightly larger than the width of the cable with minimum disturbance to 
the adjacent soils around it. Backfill is instantaneous which allows for almost immediate 
stabilization of the cable and the backfill soils. 
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Towing Wire 


Burial Depth 
0~2.0m 


Plough Share 


Cable to be buried 


Skid 


In Water View 


Specifications 

• Dimensions; (L) 9.3m x (W) 5.1m X (H) 4.4m • Depth rating; 1,500m sea water 

■ Weight; 18 tons (in air) • Burial Depth; 2.0m 


Figure 8.1 Cable plough (MD-3) 
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8.3.2 REMOTELY OPERATED VEHICLE (ROV) 

Swimming ROVs have the features of cable inspection, repair and post-lay burial by jetting. 
AT&T developed the first ROV for cable work to enable deep water repair and burial operations in 
1980. The first two ROVs were named SCARAB I & II (Submersible Craft Assisting Repair And 
burial. Over the last twenty years, cable burial by ROV has become commonplace. Many ROVs are 
now depth rated to 2500 meters, which gives them the capability to work in almost any area. Figure 

8.2 shows an example of ROV general features. 

A ROV system is comprised of a vehicle, an umbilical cable, a control van, a handling system to 
control the cable dynamics, a launch system such as the A-frame and associated power supplies. 
The umbilical cable carries the electric power and the command and control signals to the vehicle, 
and the status and sensory data back to the operators. 

ROVs for cable work are usually equipped with a minimum of two fore/aft thrusters, two 
lateral thrusters and four vertical thrusters for a higher degree of maneuverability, a jetting 
subsystem for cable burial or excavation, and two manipulators for the cable repair work. The 
manipulators are equipped with specially designed tools for cable gripping and cutting. The 
hydraulically activated cable grippers can pick up cables, and securely hold the cable in their jaws 
until the cable can be brought onboard ship for repair and splicing. 

ROVs have been used for burial of unploughed areas which are splices, cable crossings and 
places where the plough has been recovered for some reason. The burial depth is generally 0.6 to 1.1 
meters deep in clays and all types of sand from coarse to dense. The ROV can evacuate large pits to 
bury loops and exposed repeaters by the hand jet nozzle. As a recent trend, more powerful ROV 
might be required due to a need for more efficiency and deeper burial [5]. 
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Specifications 


• Burial Depth ; Up to 1.5m depending on seabed 

• Depth rating ; 

2,500 sea water 

conditions 

• Dimensions ; 


• Deck equipment; 

Weight 

approx. 8 tons (in air) 

"A" frame 

Height 

314cm 

Control cabin 

Width 

208cm 

Work shop 

Length 

340cm 



Figure 8.2 ROV 

8.3.3 TRACTOR 

Tracked bottom-heavy vehicles (tractors) provide a heavier duty work-platform than a 
swimming ROV, enabling potentially greater soil cutting forces to be exerted. The tractors are high 
power machines which are equipped with a jetting tool, a wheel cutter, or a chain cutter. Wheel 
cutters are capable of work in hard ground but have relatively high wear rates, and chain cutters 
permit efficient burial below depths of two meters in sandy soils. The work rates for tractors are 
higher than swimming ROVs and tractors can work in strong currents. However, swimming ROVs 
have sharper turning ability, are unlimited by bearing pressure in soft soils, and have the ability to 
traverse rough ground and steep gradients. 

The heavy tractor has limitations when it works on the ultra soft soils encountered on the edge 
of the continental shelf. A general view and tools are shown in Fig. 8.3. 
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PERFORMANCE 

• Dimensions; (L)7.9mX(B)5.5mX(H)3.5m 

• Weight; 23tons (in air [max]) 

• Operating Depth; 5 ~ 1000m 

• Trenching depth; 1.5m (max) 

• Speed range (trenching)l; 50 ~ lOOOm/hr 

• Power; 260kw (max) 

• Others; Monitor cameraX6, ManipulatorXl 


General view 




Water jet tool 

Figure 8.3 Seabed tractor 


Chain cutter tool 
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8.3.4 INJECTOR 

Due to the substantial external hazard presented by ship anchors, cables had to be buried to a 
minimum of 4 meters below the seabed through this area, with average cable burial depths in the 
range of 6 meters below seabed level for the installation of the APCN shore ends at Singapore [6]. 

The Hydrojet Injector was developed by Harmstorf for the deep burial of submarine cables. The 
Burial depth by the Injector is 6 meters below seabed in sandy conditions and at maximum 10 
meters below seabed in soft soil (muddy) conditions. The Injector (Fig. 8.4) is a high volume (19.000 
liters per minute), low pressure (16 bar) water jet soil fluidizing tool which cuts a very deep narrow 
trench. The injector structure contains an integral cable pathway which allows direct burial of single 
or multiple cables. Because the cables are fed vertically down the injector structure with no 
suspended catenary, the cable enters the trench with virtually no residual tension, therefore 
enhancing both the safety of the cable during deployment and the long term stability of the cable in 
the trench. 





Figure 8.4 Hydrojet injector (from catalog of Harmstorf Corp.) 
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8.3.5 SHALLOW WATER CABLE TRENCHER (SWCT) 


SWCT is a lightweight subsea tractor system for burying submarine cables in from 2 meters to 40 
meters of water depth without the use of sophisticated support vessels. Burial performance is 
achieved through the use of either a water jetting or a chain cutter tool which allows the burial of 
cables in any types of soil. Figure 8.5 is the Trencher, which is controlled by a diver. This vehicle is 
equipped with an 85 hp hydraulic power unit for driving the tractor and the trenching tool, TV 
camera, and an instrument for measurement of the trench depth. Maximum burial depth is 1.5 
meters and its trenching speed is from 120 m/hr to 240 m/hr. This Trencher can be launched from a 
small pontoon and be controlled by a diver. 

Dimension 2.4 W X 7.0 L X 1.5 H m 
Weight 7.5 ton (in air) 5.5 ton (in water) 

Burial Modules 

(l)Water Jetting module: trenching depth Max.1.5 m 



8.4 OTHER CABLE PROTECTION TECHNIQUES 

The most commonly used form of cable protection is cable burial by ploughing, trenching or 
jetting. In places where it is impossible to protect submarine cables by burial, other methods such as 
rock dumping, mattressing and the application of external protectors, such as articulated pipes and 
the conduit are used . 

At cable or pipe crossings, it may be necessary to keep the two products apart and provide 
external protection by the use of mattresses, or tubular products such as articulated pipe, which can 
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be simultaneously laid around the cable from the vessel without the use of divers. 

Rock dumping is a useful means of providing cover to an exposed cable, especially where there 

is no sediment above the bedrock to enable burial. 

For some landing points, the horizontal directional drilling (HDD) (Refer to Section 7.5.2 PIPE 
LANDING METHOD) techniques have been used. HDD system drills the bore holes from the cable 
landing site to a predetermined subsea exit point of 500 to 1000 meters offshore. The five inches of 
drill pipe or larger diameter casing for multiple conduits is installed for the submarine cable. The 
cable is winched from the cable ship through the conduit to the cable termination pit on land. The 
conduits are usually placed 10 to 20meters below ground level or the sea floor, therefore removing 
the potential for future damage to the cable from erosion, storms, anchors and sabotage. HDD does 
not require the dredging or trenching of the beach or coastline, then HDD offers a safe and 
environmentally acceptable solution to beach cable landings. 

8.5 AUV FOR CABLE INSPECTION 

The post laying and burial inspection is essential for maintaining correct cable operation. 
Periodic preventative inspection is also undertaken in high risk areas as a means of ensuring service 
reliability. Usually, such works has been conducted by ROVs. In comparison with ROVs, 
Autonomous Underwater Vehicles (AUV) can provide a remarkably inexpensive means of cable 
inspection. The inspection work involves moving over the cable route to check the as-laid condition 
of the cable, its burial depth using a cable tracker and to assess which areas of cable may need to 
buried. AUVs are true robotic vehicles free from umbilical cables. The first cable tracking AUV 
"Aqua Explorer 2 (AE2)" was developed by KDD Labs, in 1997. The AE2 was first launched in 
March 1997, and has carried out cable inspection, measurement of burial depth, fault location and 
seabed survey. 

The AE2 can find and locate the cable by using built-in cable trackers which can detect the 
magnetic field induced by electrical current in the cable. On detecting the cable. AE2 turns its 
heading and begins auto-tracking it. All data such as burial depth, pictures of sea floor, data of the 
bottom profiler, data of speed, water depth, water temperature and so on, taken during diving is 
recorded on a built-in hard disc in AE2. This data is also continuously transmitted to the mother 
vessel through the low bit rate acoustic link for monitoring the AE2. The video images of the sea 
floor are recorded on a built-in hard disc and are transmitted to the mother vessel in real-time 
through the high-bit-rate acoustic link. 

A second generation AUV "AE2000" was also launched, at the end of 2000. The AE2000 (Fig. 8.6) 
is a 2000m rated system with the same dimensions and mission, and its continuous duration is 
twice as long as the AE2 [7]. 

Even when a cable is well buried during installation, the shift of sediment causes the cable to 
become exposed later. For example in the North Sea, strong currents create sand waves up to 10 
meters high which change constantly. The result may be sections of cable becoming completely 
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exposed, suspended between the tops of mounds of sand. Bottom fishing may be a serious threat in 
areas of shifting sediment. AUVs are the most cost-effective tools for inspection of the cable in such 
areas. 


Maximum Operating Depth 2000m 



Figure 8.6 AUV (Aqua Explorer) 
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CHAPTER 9 


CABLE SHIP 


Cable ship has been used for one and half centuries for cable construction and repair since the 
first Atlantic Cable in 1857 and for the second Atlantic cable in 1866 by the largest cable ship "The 
Great Eastern" that was 212.8m in length over all (LOA) and 18,914 tons in gross tonnage. Cable 
ships have special features such as cable tanks, sheaves and cable engines etc. Ship operators have 
constructed various sizes of cable ships and also converted supply vessels or ferry boats to cable 
ships. In this chapter calbe ships are described in detail. 

9.1 SHIP SIZE 

The 170m in LOA and cable loading capacity of around 9,000 tons is the largest size of cable ship 
in the world at present. Ship sizes have been determined by mission requirements. 

We may divide the size of cable ships into three categories, small, medium and large. The small 
size may be less than - 90m in LOA and the medium size is from ~90m to ~130m in LOA. The large 
size is more than ~130m in LOA. The cable tank capacity does not directly relate to LOA because 
the cable tank capacity can be increased by large depth. 

Cable ships that have a mission of maintenance in the Pacific Ocean for example, in general need 
to be large. It is worth noting that ships of medium size cannot always maintain the cable in the 
Pacific Ocean. 

In the ocean, the rough weather and the adverse sea conditions will sometimes be problems for 
cable ships during operation in winter. Cable ships will face strong winds of more than 25m/s and 
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wave heights of more than 8m. Figures 9.1 and 9.2 show the weather/sea conditions in the Pacific 
Ocean. 



Month 


Figure 9.1 Percentage frequency of wave height more than 15m/s 



Figure 9.2 Percentage frequency of wave height more than 6m 

In the northern Pacific Ocean, the wind speed more than 15m/s will appear for more than 2 
days a week and the wave height more than 6m will emerge for around 3 days a week in total. 
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It is indispensable for a cable ship to repair the cable in these circumstances and remain there on 
stand by to shorten the repair time without taking shelter. Consequently, cable ships having such a 
mission require powerful propulsion systems, lateral thrusters and relatively high free board to 
withstand such strong winds and high waves. 

It is not easy for medium sized cable ships to do cable work in these circumstances due to the 
severe pitching and rolling. Large cable ships have accordingly been built with powerful propulsion 
systems to meet the demands of the mission. 

However it is definitely expensive to build large ships with powerful propulsion systems and 
high free board. Therefore cable ships that don't have missions in the mid-Pacific Ocean will not 
necessarily be built at large sizes. 

9.2 STERN WORK-CONCEPT [1] 

In the late 1980s, medium sized cable ships with the stern work-concepts were introduced by 
conversion of vessels. They had the advantage of having good maneuverability, and cost 
effectiveness though the ships were not so long. These day's all recent cable ships are built and 
converted in accordance with the stern work-concept. 

Offshore industries brought up the stern work-concept ship with the introduction of the 
Dynamic Positioning System (DPS or DP). DPS can move a ship to a desired point automatically 
and also keep the same position of the vessel using high quality position reference system. It can 
allow a captain to approach to the target in arbitrary heading in adverse sea condition smoothly if it 
is within the DP allowance. 

Ships are in general not good at moving backward. But along with the usage of DPS, the 
azimuth thruster has entirely solved this problem. The azimuth thruster looks very similar to the 
electric fun reversely fitted to the bottom of the stern. It can produce powerful thrust in any 
direction. The azimuth thruster can move a ship to any location or position. The DPS vessel needs 
powerful thrust in the fore and the aft. The most of offshore vessel introduced tunnel thrusters in 
the fore with the combination of azimuth thrusters in the aft. Or very powerful tunnel thrusters 
were fitted to the fore and aft when the conventional controllable pitch propellers were fitted in the 
aft. 

Figure 9.3 shows a typical example of the DPS vessel capability plot of recent cable ships built in 
Japan. The ship can keep same position in the presence of more than 23m/s winds in addition to 
1.5kt sea currents from any direction. 
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Circles Are Wind 
Speed in Knots 



DP Vessel Capability Plot 


Figure 9.3 DP vessel capability plot 

The stern work-concept cable ship had strong concern in handling the cable/ rope in the stern 
because there were propellers under the aft deck. During the conversion the sheaves were installed 
on the lengthened deck so as not to entangle the cable/rope by the propellers. The performance of 
the first conversion cable ship was confirmed as good in the repair and construction. The stern 
work-concept cable ship has succeeded in reducing cost without degradation of ship performance 
because of following reasons. 

(1) Reduction in ship size. 

(2) No need for hull structure to lead cables from main deck to fore deck. 

(3) Less of cable engines compared to bow work-concept cable ship. 

(4) No need for bow sheaves. 

9.3 VARIOUS PARTS OF CABLE SHIP 
(1) Hull 

The hull is strengthened with double bottoms, and double hulls up to the main deck. The hull of 
the fore is sometimes further strengthened with Ice Class. The cable tank is arranged from the tank 
top to the main deck with the welding of the tank wall to the tween deck. The cable handling deck 
is built in one deck above the main deck. The bulkhead is also arranged in front of and after the 
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cable tank. 

In the conversion vessel, the cable tank is usually arranged on the main deck due to cost saving 
for the conversion but the loading capacity will be somewhat limited accordingly. Also there are 
several conversion vessels having cable tanks on the tank-top with relatively large scaled 
conversion. 

The engines/generators are located in the fore or aft of the cable tank depending on the 
propulsion system and the cable ship length. The latest cable ship has generator room in the aft part 
to achieve high speed efficiently through the fine structure of the bow. 

The cable equipment is installed inside the house but there are many cables ships having 
equipment such as the Drum Cable Engine (DCE) and the Linear Cable Engine (LCE) in exposed 
decks for the purpose of cost saving. 

(2) Propulsion system 

The Controllable Pitch Propeller (CPP) azimuth or Fixed Pitch Propeller (FPP) azimuth with 
revolutionary control has been widely used with the couple of the diesel electric driven because low 
load measures are easily taken. The conventional propulsion system of CPP and FPP with 
revolutionary control has also widely been used with powerful tunnel thrusters, but the azimuth 
thrusters have been more widely prevailed. 

(3) Dynamic position system 

The DP system utilizes advanced computer technology and the ship motion can be directed from 
the DP console on the bridge. The DP will predict the ship position for the output of the propulsion 
and then calculate difference between the order and the actual. The DP will adjust the actual 
position to the final position by feedback. 

There are several position reference systems such as taut wire, the microwave reference system 
and the acoustic reference system but the differential GPS is widely used. The differential GPS has a 
small fluctuation of from 4 to 7 meters, and the DP can keep the ship within the same range. The DP 
and the differential GPS are usually consisted duplicatedly for redundancy. The differential GPS 
requires IMARSAT-A or-B in the ocean to receive the calibration signal from the coastal station. 

The DP can also control the ship to follow a ROV when the ship works as the mother vessel of 
the ROV. In this case the ROV position is recognized via an acoustic responder. 

In addition to the above, during the towing of a plow, the DP can automatically reduce the 
propulsion force when the towing tension reaches the level that sets off the alarm. 

(4) Cable control 

Cable ships always have to control and monitor cable laying in terms of issues such as whether 
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the correct cable length has been paid or not, whether the laying route coincides with the proposed 
route and whether the repeater/splicing box will be laid in the proposed position. And further 
whether the depth and the bottom profile will match the survey report or not. And if the cable 
speed should be changed due to the unexpected upward slope, the cable control room will decrease 
the cable speed with the ship speed reduction made by the captain. 

In this view, the cable control room is now located in the bridge to enable close communication 
with the captain, the engineer in charge and the navigators. 

Prior to the cable laying, if all of the necessary data is stored in the cable laying system, the cable 
will be automatically laid along the proposed route, and the ship speed and cable lay speed will be 
changed to the data in the file. 

(5) Cable equipment 

The drum cable engine (DCE) is installed on the main deck however the linear cable engine 
(LCE) is installed one deck above where there is in general a cable bell-mouth. 

The two DCEs or DCE+LCE is a common combination for the cable engine. However, taking 
repair in deep water into account, 2DCEs+LCE have been installed in several cable ships. 

Hydraulic DCEs and LCEs have been widely used but the latest ones are controlled by electric 
power (AC driven) for precise control. As the allowable cable bending diameter of most cables is 
3.0m, all of the trough, cable tank, fairing are fabricated to be more 3.0m in bending diameter 
including the diameter of DCE, the sheaves and chute. 

(6) Cable tank 

Cable tanks are placed in the center part of the cable ship. The tank is built to be robust in order 
to withstand the cable load on the tank wall when the ship inclines in adverse sea conditions. 
Crinoline is sometimes put in place so as not to entangle the cable in the high speed cable laying. 
The pass of the cable from the tank to the stern sheaves should be always secured. The cable tank 
receives fresh air from the ventilated electric fan. The lighting in the cable handling space including 
the cable tank should be non ultra-violet emission light. In addition to the main tanks, a few spare 
tanks are put in place close to the main tanks. 

(7) Stern deck 

The stern, working deck has been allocated to be as wide as possibly allowed. On the deck, the 
cable laying, cable repair should be done while a plough is onboard. The plough needs an umbilical 
winch, a towing winch, an umbilical float van and A-frame, therefore cable engineer always focuses 
on laying out this equipment in the most convenient way. The deployment and recovery of the 
branching unit/repeater are also studied and the weight of the branching unit/repeater being 
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heavy so that the installation of monorail hoist or a running crane is one of the solutions. 

(8) A-frame 

A-frame is an essential tools not only for plow handling but also for cable repair. A-frame is 
usually used for the deployment of the mushroom anchor, grapnel and sometimes the cable are cut 
using the cut blade lowered down from the A-frame during cable holding in shallow water depth. 
A-frame is also essential to deploy and recover the de-trenching grapnel for deep burial. 

(9) Cabin 

The period of cable construction and repair sometimes elapse more than a month. The cable 
engineer needs privacy and time to relax therefore all engineers have a single cabin. Cabins have a 
Internet terminal and satellite TV and sometimes a personal refrigerator. 

9.4 CONSTRUCTION/CONVERSION OF CABLE SHIP 

Figure 9.4 shows the number of cable ships built and converted over a period of 40years. The 
number of cable ships built and converted from 1989 to 2002 is 3.5times the number of cable ships 
before 1988s and the total gross tonnage is more than six times of that of the 1988s. 



1959-1988 1989-1998 1999-2002 


Figure 9.4 Increased gross tounage of cable ship 
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9.5 EXAMPLE OF LATEST CABLE SHIP 

Figure 9.5 shows one of latest cable ships built in Japan named the CS SUBARU owned and 
operated by NTT-WE-Marine. Here is a brief description of the ship. 

The CS SUBARU is a stern work-concept cable ship commissioned in February 1999. The cable 
engines (drum type: 40t X 2, linear type: 21 pair X 1) are arranged in line at the stern in order to 
carry out both cable construction and repair work. This is simple but highly efficient arrangement 
work. The cable loading capacity of 4000t, plough (depth rating: 1500m, burial depth: 2.0m) and 
ROV system (depth rating: 2500m, burial depth: 1.5m) are installed for cable construction and the 
maintenance. It has two azimuth thrusters in the stern and one in the bow in addition to the 
powerful tunnel thruster. 
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General Arrangement 


Length : 124.0 m, Width : 21.0m, Draft: 7.0 m 
Gross Tonnage : 9,557 t. Cruising Speed : 13.5 knots 
Cable Tank : Total 2,770 m 3 (4,000 t) 



Figure 9.5 C.S. SUBARU 
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Figure 9.6 shows a typical conversion cable ship. The former vessel has been used as a well 
stimulation ship for oil industries. During its conversion in the UK, lengthened by the addition of 
9m mid-body section and two main cable tanks were installed from the tank top. 



General Arrangement 


Length : 109.0 m, Width : 20.5 m. Draft: 7.5 m 
Gross Tonnage : 7,960 t, Crusing Speed : 11.5 knots 
Cable Tank : Total 2,400 m 3 (4,500 t) 



Figure 9.6 C.S. KDD pacific link 
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However all the propulsion system, DP and cabin have almost remained the same. 

The conversion has the advantage of completing the ship within a short period at low cost when 
a good candidate ship can be procured in a timely manner. 

In the Appendix, there are shown the Major Cable Ships in the World. 

9.6 FUTURE CABLE SHIPS 

The maneuverability and well position keeping has advanced but it is said that ship service 
speeds or cruising speeds have decreased compared to classic cable ships that do not have DPS. 

In cable repair in the middle of the ocean, several days are needed to get the cable repair site for 
cable ships. The cable capacity becomes larger. Then the high-powered azimuth or an azimuth- 
pod[2] efficient propulsion system would be installed. 

The automatic cable laying system will be further developed for efficient and easy handling. 
And cable ships will have to install dedicated ROVs or AUVs as essential tools. 
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CHAPTER 10 


TESTING REQUIREMENTS 


Construction of submarine cable systems/networks that are becoming larger both in 
transmission capacity and scale usually takes about 2 years from the signing of the supply contract 
to completion. During the construction period, a variety of test phases are programmed for 
validation of adopted technologies, design and qualification, functionality, installation works, and 
operability and maintainability. The overall description on the test phases typically agreed 
Purchaser(s) and Supplier(s) is provided in Chapter 15, "System Completion and Acceptance". This 
chapter describes the tests specific and intrinsic to submarine cable system / network construction, 
making reference to some recent WDM submarine cable systems / networks. Consequently, tests 
on the system components (such as Cable, Repeater, Branching Unit, Line Terminal Unit (LTU), 
Power Feeding Equipment (PFE), Maintenance Controller (MC), etc.) and In-Station Tests on 
Terminal Station Equipment are out of the scope of this chapter because less specific aspects are 
seen in comparison to the other telecommunication equipment. 

10.1 SYSTEM ASSEMBLY TESTING (SAT) 

Cable laying operation is usually divided into multiple phases, being dependent on cable routes 
for laying, network configuration (ex : existence of BU(s)), carrying capacity of cable ship, progress 
in manufacturing of submersible plant, and so forth. An appropriate length of submersible plant is 
assembled for each cable laying at a specific area in the cable manufacturing factory. This section 
addresses the testing unique to the assembly process of submersible plants. 
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Cable to repeater joints are taken as a typical example. Submersible plant for cable laying is 
comprised of jointing pieces of required cable length with both ends of the repeater in series. The 
mechanical, electrical and optical inspections / tests listed below are performed without powering 
the submersible plant in the jointing process. 

(1) Proof test to fusion spliced points of optical fiber. 

(2) Estimated loss of fusion spliced points (reading of fusion splicer). 

(3) X-ray inspection to polyethylene molding to check voids, cracks and any inclusions. 

It is possible to further test and judge the integrity of cable to repeater joints which includes 
optical loss due to fusion splice and accommodation of surplus fiber length. 

The test and judgement is usually carried out by monitoring repeater input/output optical 
power, referring to cable loss data and measuring input output optical power at cable end(s) under 
normal power conditions. It is noted that the accuracy of repeater input/output power monitoring 
and additional loss due to fiber connection(s) temporarily made for measurement should be 
considered in terms of the pass/fail criteria for making judgements. In cases when repeater 
monitoring is not equipped or not available, it is also possible to find anomalies of the cable to 
repeater joint by measuring the optical S/N at the cable end as accurately as possible. 

The above description mentions the cable to repeater joint. In case of joints of the cable to the 
Gain Equalizer (GEQ) or BU in which optical paths are composed of passive components without 
optical amplifiers, optical loss is only considered. As GEQ or BU which have optical amplifiers 
usually have the same supervisory functions as repeaters, the same approach as described for cable 
to repeater joints can be adopted. 

Subsequent to the above test/inspection, every time cable to repeater joints are made or a certain 
length of submersible plant (This may be called "Block”) is assembled, the submersible plant is 
powered and tested not only to confirm the normality of all joints but also to verify that the 
assembled submersible plant meets the required performance/characteristics as a constituent of the 
entire system/network. The test items usually adopted are listed below. 

(a) Insulation Resistance Test 

Pass / fail criteria need to be specified based on the length (quantity) of the assembled 
submersible plant under test. 

(b) DC Current / Voltage Characteristics 

Pass / fail criteria need to be specified based on the length (quantity) of the assembled 
submersible plant under test. Temperature coefficient of cable conductor resistance should 
be carefully considered. 

(c) Optical Output Power and SNR at the Cable End 
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Pass /fail criteria need to be specified based on the optical characteristics of the assembled 
cable and repeaters. A limited number of wavelengths (representative wavelengths) may 
be used to test in case the system is large in terms of numbers of multiplexed wavelengths. 

(d) Amplified Spontaneous Emission (ASE) Measurement at Cable End (Peak wavelength and 
3dB width for example) 

Pass / fail criteria need to be specified based on the optical characteristics of the assembled 
cable and repeaters. 

(e) Repeater Supervision Function (SV) 

Normal repeater SV operation and performance are confirmed over all repeaters assembled. 

(f) C-OTDR Measurement 

Normal operation and performance are confirmed over the assembled plant. 

In addition to the above, validity of chromatic dispersion (CD) of the assembled submersible 
plant is verified by directly measuring CD or calculating based on individual plant data. 

Dependent on system design and system length, adjustment of chromatic dispersion 
compensation cable length (CD optimization) and/or decision on necessity of gain equalizer and 
optimal selection of optical filter(s) (gain flatness optimization) may be made during SAT if 
necessary. 

10.2 TESTING DURING LOADING 

The submersible plant assembled at the SAT site of the cable factory is next loaded onto the 
cable ship for laying. The submersible plant is susceptible to vibrations, shocks and any other 
mechanical forces during loading. To verify that the assembled system has had no damage during 
loading, insulation resistance, DC current / voltage characteristics, optical characteristics such as 
output power and SNR are measured during the period of loading or after loading onto the cable 
ship. 

10.3 TESTING DURING LAYING 

The main purpose of testing during laying is to verify usually by powering the plant from the 
cable ship so that the submerged plant is free from any unexpected faults due to shocks and 
external factors (drastic change in environment) such as tensile strength, water pressure and 
temperature. 

The test/measurement items to be considered are typically insulation resistance and DC 
current/voltage characteristics for electrical normality, and repeater input/output power by use of 
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repeater monitoring or gain characteristics by use of High Loss Loop Back (HLLB), and C-OTDR 
measurement for optical normality. Testing during laying is of importance in the sense of enabling 
immediate fault location and repair in case of unexpected submerged plant fault. 

10.4 TRANSMISSION SEGMENT TESTING 

The Transmission Segment Testing of the WDM submarine cable system is categorized into the 
following steps and performed for the purpose of verifying that the system is operating normally. 

(1) System Optimization and Basic Characteristic Tests 

(2) System Functional Tests 

(3) End-to-end Performance 

(4) Confidence Trial 

10.4.1 SYSTEM OPTIMIZATION AND BASIC CHARACTERISTIC TESTS 

WDM submarine cable systems need, as appropriate, optimal adjustment (fine tuning) in phase 
modulation of the polarization scrambler, signal wavelengths and pre-emphasis at the transmitter 
side, threshold level and accumulated CD at the receiver side for better error performance and 
equalization in error performance among wavelengths. After these optimizations, optical power 
and SNR of outgoing/incoming optical signals , wavelengths, ASE spectrum should be measured. 
In addition, insulation resistance, DC current/voltage characteristics, conventional OTDR for the 
first repeater section, C-OTDR over the entire system length, repeater supervision items are 
measured/monitored at each of the cable landing stations concerned. These test data can be used 
as reference material for system maintenance. 

10.4.2 SYSTEM FUNCTIONAL TESTS 

System Functional Tests involve the system powering tests to be carefully carried out in 
accordance with formalized specific operation procedures, transmission tests and supervision tests 
as follows so as to verify that the system is operating normally and as specified. 

(1) Normal Power Feeding (PFE operation) 

(a) Power up and power down 

(b) DC/DC converter redundancy switchover 

(c) From/to single-end power feeding from/to double-end power feeding change 

(d) Power feed return path switchover (From/to ocean ground from/to building ground) 
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(2) Power Reconfiguration (in use of BU(s)) 

(a) Power reconfiguration/normalization in the simulation of short fault(s) between the BU 
and the Landing Point. Short circuit is made at the PFE cable head. 

(b) Power reconfiguration/normalization in simulation of open fault(s) between the BU and 
the Landing Point. Open circuit is made at the PFE cable head. 

(3) Transmission end-to-end Tests 

(a) Alarm transfer tests 

(b) Protection /redundancy switch 

(c) Foward Error Correction (FEC) test (to verify its effect) 

(4) Supervision /Control Function Tests 

(a) Repeater supervision 

(b) TSE (LTU, PFE,MC) supervision /control tests 

(c) MC communications among all concerned cable landing stations / central offices 

(d) Power Control System (A dedicated system to support operators in handling PFE in 
harmony with all cable landing stations concerned) 

(5) Others 

(a) O/W and Data Communication Channel (DCC) 

10.4.3 END-TO-END TRANSMISSION PERFORMANCE 
(TRANSMISSION DURABILITY TESTS) 

In end-to-end transmission performance tests with opposite cable station(s), it is ensured that 
the system is durable enough for various loads such as in-service repeater supervision, power 
feeding current variation, in-service electroding, and signal clock frequency variation. 

10.4.4 CONFIDENCE TRIAL 

The Confidence Trial for Transmission Segment is a long-term stability test by monitoring error 
performance (or monitoring Q value equivalent to BER). The specification of error performance in 
the Confidence Trial is made in accordance with the SESR (Severely Errored Second Ratio) and the 
BBER (Background Block Error Ratio) standardized in ITU-T G.826 "Digital transmission systems- 
Digital networks-Quality and availability targets", but is practically more stringent than ITU-T 
G.826. As it is well known that the error performance of optical amplifier transmission systems 
vary with time, continuous error performance tests for 2 or 3 weeks are important to check the 
stability in error performance prior to proceeding to the next test phase. 
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10.5 SYSTEM / NETWORK INTEGRATION TESTING 

System / Network Integration Testing is the overall test phase to be carried out in the complete 
network configuration into which the Transmission Segments and SDH based equipment such as 
NPE (Network Protection Equipment), ADM (Add-Drop Multiplexer) and/or DXC (Digital 
Crossconnect Equipment) are all integrated. Test items are largely dependent on the types of 
automatic protection switching (APS) and SDH / Interconnection Equipment installed in cable 
landing stations. NPEs or ADMs compliant to ITU-T G.841 Annex A-MS shared protection rings 
(transoceanic application) are usually applied to a ring network which has long trans-oceanic 
segment(s). As DXCs and / or conventional ADMs are used in networks not ring configured, pre¬ 
plan circuit restoration may be fulfilled by use of DXCs in combination with their management 
system. Test procedures and pass / fail criteria in System / Network Integration Testing need to be 
carefully considered based on adopted technologies, network configuration, type of SIE (SDH / 
Interconnection Equipment) and protection / restoration scenarios. 

Typical test items are introduced in the following sub-sections. 

(1) Protection switch test 

There are HS-APS (High Speed-APS) and LS-APS (Low Speed-APS) in APS. HS-APS is a 
protection switch via a transmission segment while LS-APS is a protection switch to work with 
back-haul equipment. The following tests are carried out for HS-APS in accordance with ITU-G.841 
and / or ITU-G.842. 

(a) Automatic ring switch (simulated in case of cable fault) 

(b) Automatic span switch (simulated in case of fiber break or card failure) 

(c) Manual ring/span switches 

(d) Automatic switches simulated in case of multiple faults 

(e) Automatic/manual switch combination for priority confirmation 

In LS-APS tests, redundant switch operation compliant to the relevant ITU-T recommendations 
is tested. It is important to verify in both HS and LS APS testing that not only the node equipment 
but also the NME (Network Management Equipment) remotely managing node equipment at 
operation center(s) operate in a correct and stable manner with respect to fault management 
functions such as alarms, switch status and data logging. 

(2) Network synchronization verification 

Stable supply of signal clocks is indispensable in synchronized networks. As SDH/ 
Interconnection Equipment can prioritize the order of automatic switching of clock signals, it is of 
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importance to verify that both the automatic and manual clock switch function are operating in 
accordance with the prioritized order to minimize impact to transmission performance, simulating 
possible faults. 

(3) System /Network confidence trial 

System/Network Confidence Trial is the error performance test to be carried out on the 
complete system/network configuration for 2 or 3 weeks continuonsly at the point of demarcation 
to back-haul equipment. Similar to the Transmission Segment Confidence Trial, it is verified that 
the system/network meets error performance specifications based on ITU-T G.826 but made more 
stringent than ITU-T G.826. 

(4) Inter-station communication test 

O/W, PBX and data communications among all concerned cable landing stations/central offices 
for maintenance activity should be tested in this System/Network Integration Testing phase. 











CHAPTER 11 

TECHNOLOGY AND ENGINEERING OF 
SUBMARINE CABLE REPAIR 


Repair of the submarine cable system should be carried out faster and more economically since a 
fiber pair in the cable system carries in the order of 100 Gbps nowadays and repair costs including 
traffic restoration during the repair. Cable Ships, ROVs, spare plants, etc., are consideraldy higher 
than a repair of terrestrial fiber. Normally, a cable repair is carried out by the following process 
and takes about two to three weeks until its completion depending on distance to the fault point 
from the base port, weather, sea depth, and other factors, such as the repair method, etc.: 

(1) Fault localization from Cable Station(s), 

(2) Traffic restoration, if necessary, 

(3) Determination of repair method, types and quantity of spare plants to be loaded on a Cable 
Ship based on cable route, location of repeater/BU, sea bottom profile, etc., near the faulty 
point, 

(4) Loading of spare plants onto a Cable Ship, transit to repair site, 

(5) Cable repair by the Cable Ship, 

(6) Testing between/among Cable Stations involved, 

(7) Traffic normalization, 

(8) Off loading of remaining spare plants. 


In order to make the cable repair proceed faster and more economically, each step above should 
be carefully studied and implemented based on the information available, such as accuracy of fault 
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localization, cable types, sea depth and bottom profile, swiftness and direction of tidal current, 
location of repeater/BU, necessity of replacement of repeater/BU, etc. 

11.1 TYPES AND FAULT LOCALIZATION OF CABLE FAULT 

Normally, a Cable Ship sails out from its port to the repair site within 24 hours after receiving 
the requast depending on the spare cable length to be loaded. Because the method and accuracy of 
fault localization differ according to the type of cable fault, it is very important to identify its type 
and to measure a more exact location of the fault from the Cable Station(s). This enables the Cable 
Ship to carry out a fast and secure cable repair at the repair site. If the Cable Ship picked up the 
cable very far from the fault because of inaccurate information of the fault location, it would result 
in consumption of a large quantity of spare plants, i.e. cable and jointing piece parts, and then a 
longer repair period. 

Cable faults are categorized into the following types in terms of status of the insulation layer 
and optical fiber of the submerged portion: 

(1) Shunt fault 

This is a fault caused by damage to the insulation layer of cable or to the molded part in 
repeater housing. The power feeding current leaks into the sea water at the damaged point. For 
systems with single end power feeding, the shunt fault causes blackouts of repeaters beyond the 
point of the shunt fault. For systems with double end power feeding, i.e., power is fed from 
both the Cable Stations, if the damage existed at just one location or the damage existed only 
within one cable section, repeaters are fed normally from both Cable Stations even after the 
shunt fault. In this case the cable system can be kept in use for the time being until the damaged 
point deteriorates and causes a fiber break. Such deterioration can be suppressed by adjusting 
the power feeding voltages at both Cable Stations to keep at zero voltage potential at the shunt 
point. However, if another shunt fault occurred in another cable section, repeaters between the 
damaged points are not fed. So, a cable repair is required urgently even the cable system is alive 
after the shunt fault. 

Fault localization of the shunt fault is normally done only by V-I (voltage and current) 
measurement from Cable Station(s). If the fault is near from the Cable Station, the electrical 
pulse echo measurement is effective to get the accurate fault location. It is not possible to locate 
the shunt fault by optical measurements because the optical characteristics of the cable system 
are very normal under a shunt fault. 

The resistance of the power feeding conductor line is about 0.7 ohms/km at the temperature 
of 3 °C, a typical temperature at the bottom of the sea. The voltage drop in a repeater is several 
tens of volts/repeater depending on the repeater circuit design. Normally, resistance of cable 
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and voltage drop of repeater are measured in factories before the factory release of those plants 
and the measured data are incorporated in a Maintenance Document. It is very important to 
convert the factory data to that at the temperature of the sea bottom by using temperature 
coefficients in order to get an accurate fault location. 

Fault localization by V-I measurement from a single Cable Station is not accurate because of 
the grounding resistance at the shunt fault. If there is 10 ohms of grounding resistance at the 
fault, it would result in more than a 10 km error in the location. The grounding resistance is 
different for each fault. The V-I measurement from both Cable Stations after voltage adjusting 
to keep the fault at zero voltage potential is much more accurate because the effect of the 
grounding resistance is eliminated from the measurement. 

(2) Short fault 

The short fault means that the cable was cut and separated by the fault. In another words, 
optical fibers, power feeding conductor lines and insulation layers consisting of the cable were 
cut. Both ends of power feeding conductor line of the separated cable are exposed to sea water 
and repeaters can be fed from each Cable Station. 

Fault localization of the short fault is normally done by V-I (voltage and current) 
measurement and repeater supervisory measurement from Cable Station(s). In addition, 
Coherent-OTDR (C-OTDR) measurement is very effective to locate the exact location of the fault 
for optical amplifier systems. The repeater supervisory measurement gives us only the location 
within a repeater section, i.e., a cable section between two consecutive repeaters, but C-OTDR 
measurement informs us of the fiber distance to the breaking point from the Cable Station. In 
case of short fault in the first repeater section (the section from a Cable Station to the first 
repeater), conventional OTDR measurement is done irrespective of the technology of fiber optic 
cable systems, i.e., the 3-R system or optical amplifier system. 

(3) Open fault 

The open fault means that the power feeding conductor line in cables came to be open in 
terms of power feeding from the Cable Station(s). This type of fault occurs only very rarely, but 
a few cases have been reported. One example was that a coaxial cable had an open fault when 
an anchor dragged the cable at an very strong tension and its polyethylene insulation layer 
happened to cover all the cut end of the power feeding conductor line of the cable when it was 
cut by the anchor. For the open fault, there is no fault localization methods except for the 
capacitance measurement because the power can not be fed to the cable system and other 
electrical or optical testing, such as V-I measurement, repeater supervisory measurement, C- 
OTDR measurement, is not possible. If the fault is near from the Cable Station, the fault 
localization by the electrical pulse echo measurement is possible. 
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In case of the open fault, the power feeding conductor line in cable and the sea water are 
separated by the polyethylene layer to be electrically open and be a capacitance. The 
capacitance of the portion from Cable Station to the open fault is in proportion to the cable 
length of that portion. In other words, the measured capacitance is a sum of the capacitance of 
each cable segment in that portion. Normally, the capacitance of each cable segment is 
measured in the cable factory before the factory release and the measured data are incorporated 
in a Maintenance Document. 

It is very natural for the fibers to break at the open fault. So, if the open fault was in the first 
repeater section, the fault is located by the OTDR measurement from the Cable Station. 

(4) Fiber break fault 

This terminology is used only when the fiber(s) broke without any critical damages to the 
insulation layer and power feeding conductor line. Since the power feeding to the cable system 
is normal, the fault is located within a repeater section by the repeater supervisory 
measurement. For optical amplifier systems, C-OTDR measurement gives us the fiber distance 
from the Cable Station to the breaking point. If the fiber break(s) was in the first repeater 
section, the fault is located by the OTDR measurement from the Cable Station. 

11.2 CAUSES OF CABLE FAULTS 

It is quite useful to identify the causes of cable faults for future preventive maintenance, such as 
improvements of cable protection, alternation of cable route, route selection in future cable 
planning, etc. 

The causes of cable faults vary from repeater circuit failure to several cable segments going 
missing due to land slides at the sea bottom caused by earthquakes. Typical causes are listed 
below: 

(1) Cable damage by fishing gear or ship anchors 

Fishing gears and ship anchors are a very common cause of cable damage in shallow water. 
Especially the trawling is very dangerous to submarine cables even those that are buried since it 
uses very big and heavy iron anchors. It can be said that the trawling is not done at sea-levels of 
deeper than 2,000 meters and that ship anchors are not dropped at levels deeper than 200 
meters. It came to be a common cable protection measure to bury the cable down to 4-5 meters 
under the sea bottom by a special large scale equipment, such as a Jet Injector, Sled Injector, etc., 
in the areas of heavy trawling and ship anchoring. In the area of anchoring of large ships, the 
cable is sometimes buried down to 10 meters below the sea bed. 
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(2) Cable damage due to inappropriate laying 

Submarine cable should be laid along with uneven sea bottom profiles without any cable 
suspensions, loops or kinks. 

It is sometimes difficult to avoid cable suspensions on a heavy uneven profile of sea bottom. 
If a cable suspension existed on the rocky sea bottom, the suspended cable vibrates due to the 
current at the bottom of the sea, then the end of the suspended portion experiences abrasion 
from the rocky bottom. This results in a shunt fault in the long term because the polyethylene 
insulation layer of cable is vulnerable against such abrasion. It is recommended to avoid such 
rocky areas for the cable route. If it was not possible to avoid such areas, it is common to deploy 
armored cable there to protect the cable. 

Cable loops and kinks are sometimes made during cable holding by a Cable Ship for splices, 
etc. At cable loops and kinks of smaller diameter, less than 2 meters for example, optical fibers 
inside get residual tension during the life time of the cable system. Then, such optical fiber(s) 
would break in the long term. If the diameter of a loop or kink is very small, the fibers break in 
a very short period. 

(3) Cable damage by natural phenomena 

During the planning stage of cable route, known undersea volcanoes are avoided. However, 
sometimes undersea volcanoes and seismic activity at the bottom of the sea are unpredictable. It 
is considered that cable laid on a steep slope can be easily affected by the seismic activities. In 
case of cable failures due to such activities longer spare cable would be needed for the repair 
because a long cable segment would have been damaged. A cable route diversion is 
recommended for such cable repair. 

(4) Spontaneous failure of repeater circuits or fiber breaks 

Submarine cable systems are designed and manufactured with a quite high reliability target. 
Normally, the reliability target is that the number of component failures requiring repair by 
Cable Ship be less than 2 or 3 in the design life of a system. Since each component, e.g. repeater 
circuit, optical fiber, has a certain probability of failure which satisfies the reliability target, 
spontaneous failures of repeaters, BUs or cable may occur, although the number of such failures 
is quite low. 

11.3 IMPORTANT TECHNOLOGIES IN CABLE REPAIR 

In addition to the abilities of Cable Ship including drum cable engines (refer to Chapter 9 Cable 
Ship) there are several important technologies for cable repairs, such as ROVs (Remotely Operated 
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Vehicle) for fault localization, retro-burial and inspection, AUVs (Autonomous Underwater Vehicle) 
for fault localization and inspection. Universal Jointing for cable jointing, and Cable Grapnels such 
as Cut-and-Hold Gear for cable recovery. 

(1) ROV and AUV 

It is very important to determine the exact cable fault location in order to minimize the repair 
period and also the quantity of spare plants to be consumed. As explained earlier in this 
Chapter the fault localization from cable station(s) is not so accurate. If the error in fault 
location is 20 km, the cable repair may consume more than 20 km of spare cable and the number 
of cable joints may increase. In order to avoid such situations it is recommended to use ROVs or 
AUVs for the cable fault localization for cable conductor faults including damage to the outer 
polyethylene layer. ROV and AUV find a cable fault point by detecting a change of magnitude 
of the detected low frequency tone (a component of an alternating current normally of 20-25 Hz) 
injected from the cable station, or find the fault visually by cameras equipped to them if the 
cable was not buried. 

A buried cable repair requires retro-burial of the repaired cable and the retro-burial is 
usually carried out by ROVs. ROVs are currently able to bury cable down to 1.5 m below the sea 
bottom depending on the soil condition. It is expected that 3 m retro-burial will become 
commercially available soon. 

Details of ROVs and AUVs are explained in Chapter 8. 

(2) Universal jointing 

The Universal Joint is a method of connecting all types of submarine optical cables, 
regardless of manufacturer, using common construction equipment and standard piece-parts in 
the joint as far as is practicable. 

At the stage of the first generation of optical fiber submarine cable, deferent types of cables 
required different methods, equipment and piece parts for jointing since the jointing technology 
was individually developed by respective cable manufacturers in Japan, the U.S.A, the U.K. and 
France. So, Ship Operators had to learn different jointing technologies and to prepare different 
jointing equipment and piece parts. The Cable Ship Zones came to maintain the larger number 
of optical fiber submarine cable systems, and then came to maintain many types of cables. It 
was considered that an unique technology for the jointing of optical fiber submarine cables 
should be developed for efficient and economical cable maintenance, and major cable owners in 
Japan (KDD), U.S.A. (AT&T) and U.K. (BT) formed a consortium to study and develop the 
Universal Jointing and Universal Coupling (UJ/UC) technology. 

The Universal Jointing technology consists mainly of splicing between different types of 
optical fibers, mechanical jointing/anchoring of cable tube and steel wires, polyethylene 
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molding and assembling of piece parts. A common kit is used for the part of fiber splicing as a 
container of the spliced fibers, which is common to all the UJ jointing. One end specific kit, 
which mainly takes the part of anchoring of cable tube and wires, is prepared for one type of 
cable, i.e., OS SAL End Kit is used for the jointing of OS SAL cables. By combination of the end 
specific kits the jointing between all different types of cables is possible. UJ piece parts and 
consumables are purchased from the UJ Consortium. 

Any cable should be qualified for UJ jointing and cable jointers have to be trained and 
qualified to carry out UJ jointing. The qualification and training is done by the UJ Consortium. 

The UJ Consortium (http://www.ujconsortium.com) currently consists of Alcatel Submarine 
Networks SA, KDD Submarine Cable Systems Inc., Pirelli Cavi e Sistemi S.P.A., Tycom (US) Inc. 
and Global Marine Systems Limited. As a new jointing technology, the Universal Quick Joint 
has evolved where the evolution of smaller diameter non-repeatered cables requiring a more 
economical, yet universal approach to jointing non-repeatered cables is required. 

(3) Cable grapnels 

There are many kinds of cable grapnels which are used for cable holding operations on 
different sea bottom sediments. The Original Grapnel (Fig. 11.1 (a)), the Gifford Grapnel (Fig. 
11.1 (b)), the Flatfish Grapnel (Fig. 11.1 (c)), and the Sliding Prong Grapnel (Fig. 11.1 (d) and Fig. 
11.3) are suitable for cable holding operation on a muddy or sandy sea bottom. Rock grapnel 
(Fig. 11.1 (e)) is used for operation on a rocky sea bed. A tandem combination of those types of 
grapnel is sometimes used in order to avoid failures in operation. 

In preparation for holding and recovering the cable, the cable is usually cut by a cutting gear 
drawn by the Cable Ship. In general, cable is laid with very small amounts of slack, e.g. 1 % in 
length, so, if the Cable Ship tries to hook and recover the cable by a holding grapnel without 
cutting the cable beforehand, a long portion of the cable will be pulled and stretched at very 
strong tensile strength then will be heavily damaged. Thus, in such cases, the cable will not be 
recovered but will be damaged or badly cut by the holding grapnel. The cutting gear is the 
same as the cable grapnel, but blades for cutting cable are attached to the hooks of the grapnel. 

Since one cutting or holding operation takes several hours mainly depending of the sea 
depth. The Cut-and-Hold Grapnel (Fig. 11.2 and Fig. 11.4) carries out the cutting and holding 
operations at one time. This grapnel is used on muddy or sandy sea bottom. When Cut-and- 
Hold Grapnel catches the cable, it detects the cable catch mechanically and triggers a blade to 
cut the cable by water pressure. And it continues to hold one end of the cable. 
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(b) Gifford grapnel 



(c) Flatfish grapnel 


(d) Sliding prong grapnel 



(e) Rock grapnel 


Figure 11.1 Grapnels 
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Figure 11.2 Cut-and-Hold Grapnel 
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Figure 11.3 Cable recovered by sliding prong grapnel 
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Figure 11.4 Cable recovered by Cut-and-Hold Ggrapnel 
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11.4 PROCEDURE OF SUBMARINE CABLE REPAIR 

The basic procedure of submarine cable repair is similar in all cases except for the replacement 
of repeater(s) or BUs and for that in very shallow water where a Cable Ship is not able to enter 
because of the limitation due to the ship's draft. Normally, a Cable Ship does not enter waters less 
than about 10 - 20 meters in depth, depending on the draft, sea bottom profile and margins. 

The following is the basic procedure: 

(1) Localization of the cable fault at the repair site 

In order to pick up the cable very near the fault point, the Cable Ship tries to localize the 
fault at the repair site. For areas shallower than typically about 700 meters in depth, a low 
frequency AC signal sensor is put into the sea and drawn by the Cable Ship until it finds the AC 
signal, usually in the range of 20-25 Hz, fed into the cable conductor line from the Cable Station. 
For areas deeper than that, a ROV equipped with a sensor is sometimes used for this purpose if 
the Cable Ship is equipped with one. Since the ROV cannot normally work at sea depths more 
than 2,500 meters, the Cable Ship starts the cable cutting and holding operation based on the 
fault location first measured from the Cable Station(s) in such area. 

(2) Cable cutting and holding operation (Fig.11.5, Fig.11.6) 

In order to first cut the cable the Cable Ship pays out and draws cutting gear, i.e. a holding 
grapnel with blades. The Cable Ship observes the tensile strength of drawing the gear, 
recognizes when the gear catches and cuts the cable by increasing the tensile strength. The cable 
cut is confirmed by cable testing, usually low current/voltage testing, from the Cable Station(s). 
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(3) Holding and recovery of one end of the cable (Fig.11.7, Fig.11.8) 

After cutting the cable the Cable Ship holds and recovers the cable by use of a holding 
grapnel. The process of this operation is very similar to the cutting operation. The holding and 
recovery operation is usually done at a distance of about 1 km from the cutting operation to 
avoid the cable being dropped from the grapnel. After observing the increase of the tensile 
strength of drawing the holding gear, the Cable Ship stops drawing it along the sea bottom then 
starts the recovery of the cable. During the cable recovery, the Cable Ship needs to be moved 
slowly, at almost the same speed of recovery, along with the cable route. The recovery speed 
varies from 0.1-2 knots according to the cable type. 
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Figure 11.8 Holding drive-1 (2) 


Cutting-and-Holding Grapnel was developed for an efficient cutting and holding operation. 
The Cutting-and-Holding Grapnel cuts the cable and takes hold of it in one sequential operation. 

(4) Attachment of a buoy to the end of cable (Fig.11.9, Fig.11.10) 

The recovered cable is checked and any damaged portion and the portion where the water 
imgressed are cut out. The cable between the Cable Ship and Cable Station is electrically and 
optically tested, i.e., insulation resistance and OTDR, and then the cable end is sealed and 
attached to a buoy. The Cable Ship releases the cable end and the buoy into the sea for later 
recovery for the final splice. 
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Cable Ship 



Figure 11.9 Recovery of cable end 



(5) Holding and recovery of the other end of cable (Fig.11.11, Fig.11.12) 

The Cable Ship transfers the site and proceeds with the holding and recovering of the other 
side of cable. This operation is the same as the holding and recovering operation explained in 
(3). When the end of the cable is recovered onboard the Cable Ship, optical and electrical testing 
of the cable is carried out to determine the exact location of the cable fault. 
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Figure 11.12 Holding drive-2 (2) 


(6) Removal of the fault point and the 1st splice (Fig.11.13) 

The Cable Ship continues the recovering of the cable until the fault point is recovered 
onboard. The fault point and other damage, if any, should be carefully observed to identify the 
cause of the cable fault. Such information is very necessary for the future cable protection 
activities. If the cause of a fault is identified as a result of abrasion between the cable and the 
sea bottom contrary to a previous estimation, the type of spare cable is sometimes changed to a 
heavier one, for example, from LW to LWS or from SAL to SAM. The cable is further recovered 
until no damage is shown on the cable. Then, the cable is cut onboard several hundred meters 
along from the fault point in order to remove the fault completely. The cable is tested optically 
and electrically to confirm that there are no other faults. The water ingress testing is done at the 
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cut end of the cable. The cable should be cut out until no traces of water ingress is shown. 

After removal of the fault point, the cable end is jointed to spare cable loaded on the Cable 
Ship. This jointing is called as the 1st splice. The Universal Jointing (UJ) technology is 
commonly used for cable joints for cable maintenance. Cable jointing normally consists of cable 
end preparation, ferrule assembly and pressing, fiber splicing and wrapping, molding. X-ray 
examination, and assembly. Before molding the fiber splices are tested by OTDR from the other 
end of the spare cable. And, after the assembly the fiber splices are tested by OTDR again. 



(7) Laying of the spare cable towards the buoy (Fig.11.14) 

After the confirmation of the cable joint the Cable Ship starts the laying of the spare cable in 
the direction of the buoy. Insulation resistance and OTDR testing is carried out after the joint of 
the 1st splice is put into water to confirm the its normality under water. 
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(8) Recovery of the buoy and cable (Fig.11.15) 

The Cable Ship recovers the buoy while holding the laid spare cable. When the cable of the 
buoy side is recovered onboard, the Cable Ship is then holding both cables. The recovered cable 
is tested optically and electrically to confirm that it is free of fault on that side. The Cable Ship 
has to deviate from the original cable route applying an appropriate tension to the cables so as 
not to tangle them in the water. 



(9) Jointing between the spare cable to recovered cable (the final splice) 


The laid spare cable and the recovered cable are jointed onboard the Cable Ship. This 









332 Submarine Cable Construction and Maintenance Technologies 


jointing is called the final splice. During and after the final splice the testing of fiber splices can 
be done only between the Cable Stations. Usually C-OTDR testing from Cable Station(s) is 
carried out after fiber splicing and after molding. Power is fed to the cable system from the 
Cable Station(s) during this testing. 

(10) Paying out of the joint (the final bight release) (Fig.11.16, Fig.11.17) 

The Cable Ship pays out the joint box of the so called final splice after confirmation of its 
normality measured from Cable Stations. In order to avoid cable tangles and loops around the 
final splice, it is paid out with an appropriate tension using ropes as depicted in the figure 
below. After the final splice is put into the water the cable system is fed and the final splice is 
tested again from Cable Stations until it reaches the sea bottom. 



Normally special equipment called a Releaser is used to detach the ropes from the cable at 
the sea bottom. After confirmation of the system normality from Cable Stations the Cable Ship 
detaches the ropes from the cable and leaves the site. 
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(11) Others 

The above repair procedure is just the basic one and an actual repair procedure varies 
according to actual situation of the cable fault. Of course, a repair involving replacement of a 
repeater or Branching Unit requires different procedure. In addition, a cable repair in a buried 
cable section requires special tools, such as Cutting and Holding Gears for buried cable and 
requires retro-burial operation by a ROV. 

11.5 SAFETY PROCEDURES DURING CABLE REPAIR 

(1) Power control, power safety officer and power safety messages 

A cable repair requires optical and electrical testing between the Cable Ship and Cable 
Station and the power feeding from the Cable Ship or Cable Station is needed for the testing. If 
the Cable Station mistakenly fed power to the cable during splicing work, for example, carried 
out onboard, the personnel engaging in the work would get an electric shock that might result in 
electrocution. Not to have any mistake or misunderstanding in power feeding, procedures for 
Power Control, Power Safety Officer (PSO) and Power Safety Messages (PSMs) have been 
established as follows: 

(a) Each of the Cable Ship and Cable Stations involved in the cable repair should nominate a 
Power Safety Officer (PSO) before commencement of the repair. 

(b) At any time during the cable repair there should be only one Power Control Officer who 
is designated among the PSOs and controls all the actions for the power feeding of the 
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cable system including the opening and closing of cable end earth onboard the Cable Ship 
and Cable Stations and optical/electrical testing. For example, a PSO in a Cable Station is 
usually designated as the Power Control Officer under normal operating conditions of the 
cable system before a cable repair. Normally, power control is transferred from the Cable 
Station to the Cable Ship when it arrives at the repair site, then the PSO on the Cable Ship 
becomes the Power Control Officer until completion of the final splice. 

(c) Power Safety Messages (PSMs), i.e., all the instructions from the Power Control Officer 
and all the responses, should be in a written format. Instructions in PSMs should be as 
simple as possible, and an instruction and response after a required action is complete 
should be proceeded one step by one step in order to avoid misunderstanding of 
receivers. 

(2) Power grounding unit for cable repair of branched system 

In cases when a cable segment of a branched cable system has a failure, it is usually required 
to carry out the repair of the segment while the other cable segments are kept alive in order to 
minimize the affect of the cable failure and repair on the traffic. The Branching Unit has the 
function of isolating the segment of failure in terms of power feeding by the switching of relays 
in it. However, there is a possibility of malfunction of such relays due to, for example, another 
failure relating to power feeding in the cable system. In order to protect personnel onboard 
even in such cases where a Power Grounding Unit (PGU), which is a grounding system for the 
cable head on board to the sea ground, is used when the cable ship is working on cable on the 
BU side. PGU basically consists of a connection to cable head, current and voltage alarms, earth 
wiring in Cable Ship and sea grounding equipment. 

11.6 INFORMATION EXCHANGE BETWEEN MAINTENANCE AUTHORITY(IES) 

AND SHIP OPERATOR 

For efficient and smooth cable repair the following information is usually exchanged between 
Maintenance Authority(ies) (MAs) and the Cable Ship: 

(1) Before cable repair 

Just after occurrence of a cable fault Cable Stations concerned start the fault localization 
measurements, such as the power feeding voltage and current, LME and C-OTDR (OTDR in case 
of a fault nearer than the 1st repeater from a Cable Station) measurements. Based on the results 
of those measurements the MAs assumes the location of the fault point and retrieve informaton 
such as the sea depth, cable type, status of cable burial (buried or unburied, burial depth), route 
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positions of the cable and other cables near-by, if any, around the cable fault. In addition, The 
MAs determines whether or not to use an ROV and a PGU. The MAs notify the Ship Operator of 
this information. 

Then Ship Operator develops and proposes to the MAs the types and quantities of spare 
plants (cable, UJ piece parts, repeaters, BUs, etc.) to be loaded on the Cable Ship, a planned cable 
repair schedule, an MOP (Method of Procedure) listing a course of events, such as each step of 
operation by the Cable Ship, test items to be conducted onboard and in each Cable Station at 
each stage. 

(2) During cable repair 

Representatives from MAs are onboard the Cable Ship to monitor the progress and quality of 
the cable repair. Close communication among the representative(s), the captain and cable 
engineers of the Ship Operator is required for proper and timely decisions. If the procedure of 
repair operation needs to be changed, the MOP is revised after approval of the representative(s) 
and the revised MOP is distributed to all MAs and respective Cable Stations to avoid any 
misunderstanding. 

Daily reports are usually distributed from the Cable Ship to the MAs, which describe the 
Cable Ship position, weather status and forecast, the progress of repair operation carried out in 
last 24 hours and to be carried out in next 24 hours, etc. 

(3) After cable repair 

Just after completion of the cable repair and before arrival of Cable Ship to the designated 
port for off-loading of the remaining spare plants and recovered plants, the Cable Ship needs to 
inform MAs of the quantities of those plants with information whether each part is re-usable or 
not. MAs instruct the Cable Ship of which plants are to be disposed of and which are to be re¬ 
stored in the depot. Some plants may need refurbishment before re-use. 

The recovered fault point of the cable or fault repeater in the case of repeater failure is 
provided to MAs for analysis of the cause of failure. 

The Ship Operator provides a complete Repair Report, usually within one month of the 
completion of repair. The Repair Report contains the summarized information of the repair 
operation with a time chart, exact location of the fault, assumed cause of the fault, consumed 
spares, remaining spares, disposed of spares, a cable position list after the repair, results of the 
retro-burial, if any, etc. The MAs is to analyze the contents of the Report for consideration of the 
necessity of cable protection in the future, and the necessity of improvements in the repair 
service by the Ship Operator, etc. 
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11.7 IMPROVEMENTS OF CABLE REPAIR 

The basic procedure of cable repair, i.e. fault localization, cable grapnel run, cable recovery, 
cable joint, final bight release, etc., has not changed for long time. However, improvements have 
been carried out step by step in the field of cable repair, for example, as follows: 

(1) Fault localization by ROV and AUV 

(2) Dynamic Positioning System of Cable Ship 

(3) Cut-and-Hold Grapnel 

(4) Universal Jointing technology 

(5) Information and message exchange among Cable Ship, Cable Stations and Headquarters via 
the Internet 

(6) Retro-burial by ROV 

In order to achieve more efficient and economical cable repairs continuous improvements on 
those items are desirable. In addition, repair technology and method have to be improved at the 
same time as improvements in cable protection. For example, cables in shallow water are now 
buried much deeper, e.g. more than 4 m depth below the sea bottom, in some areas of heavy 
fishing. Consequently, development for efficient and economical repair technology and method for 
deeper buried cable is considered urgent. 
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CHAPTER 12 


SUBMARINE CABLE PLANNING 


12.1 FORMATION OF PROJECT 

Traditionally international submarine cables have been planned by carriers which are engaged 
in providing international telecommunications services. Such submarine cables include the Trans¬ 
pacific Cables (TPC), mainly planned by AT&T and KDD, and the Trans-Atlantic Cables (TAT), 
mainly planned by AT&T, British Telecom, and France Telecom. Recently newly emerging carriers 
that have been established as a result of deregulation policies have begun to take part in 
international submarine cable projects. Such projects are usually undertaken by consortiums. In 
these consortiums, an Interim Management Committee (IMC) is set up between the period of 
signing the Memorandum Of Understanding (MOU) and the Construction and Maintenance 
Agreement (C&MA), then a Management Committee (MC) is set up after the signing of the C&MA. 
The MC is organized by delegates of participating carriers and is responsible for making final 
decisions. 

On the other hand, other companies including bank and trading companies have started selling 
submarine capacity to original carriers for the bandwidth wholesale business by means of their own 
submarine cable construction such as FLAG and Global Crossing, etc. They establish private 
projects as a Special Purpose Company (SPC), construct a submarine cable by project finance, and 
sell capacity to carriers. And a so-called hybrid project is formed when inherent carriers establish 
an SPC and inject finance into the project. In this chapter, the main focus is a descrption of the 
planning of submarine cables by consortium projects. 
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12.2 INITIAL STAGE OF PLANNING 

Once a carrier determines that its current transmission capacity will not be able to meet future 
traffic growth, the carrier generally begins planning the construction of a new submarine cable. In 
most cases, construction of such a submarine cable is a major investment, so the carrier attempts to 
lighten its financial burden by sharing the cost with others that have the same purposes. 

First of all, the carrier shows the traffic data based on the estimated growth rate in order to 
demonstrate that current submarine cable capacity will be insufficient in the future. Then the carrier 
prepares a position paper giving its fundamental proposition, proposes it to interested carriers, asks 
them to join the project, then calls together core carriers that have the ability to promote a large- 
scale submarine cable project. The position paper gives its fundamental proposition including 
construction cost, finance scheme, landing stations, network topology, design capacity, and Ready 
For Service (RFS) date. The proposal is made not only to carriers with potential landing stations but 
also to carriers that may need the submarine cable as a redundant route. The more carriers joining 
the project, the less cost the carrier must bear and the more credibility the project has. 

12.3 DEMAND FORECAST 

The Internet has rapidly increased the traffic demand of international networks in contrast to the 
demand of traditional voice traffic. According to Moore's law, the performance of semiconductors is 
said to double every one and half years. However, the increase in international traffic is higher than 
that, especially traffic to the US. This means the rest of world depends on the information from the 
US. In planning international submarine cables, such traffic growth as a result of the Internet needs 
to be accurately estimated for the purpose of arranging future network deployment. Figure 12.1 
shows an example of traffic growth. Up to now future traffic demand has been estimated by taking 
into account past traffic growth, but the rapid increase in demand, including that for the Internet, 
makes it difficult to accurately forecast future demand. Consequently, research companies are 
frequently used to gather data and estimate demand. Several sources need to be derived to 
accurately forecast demand. In the near future, more broadband networks will be needed when 
video services over the Internet become available for commercial use. 
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Source: ©TeleGeography ,Inc.,2000 (www. telegeography.com) 
Figure 12.1 Traffic demand forecast 


12.4 PROGRESS OF PROJECT 


Table 12.1 shows the steps that a submarine project follows. The core carriers sign an MOU as 
initial parties, establish a tentative consortium, and organize working groups to study basic 
schemes. This MOU period continues for about half a year. In this process, they carry out a Desk 
Top Survey (DTS), call potential suppliers for a Request For Proposal (RFP) to evaluate the ability 
and price of the potential suppliers, and hold a Data Gathering Meeting (DGM) or a Potential 
Investor's Meeting (PIM), where all carriers in the world are invited and called for joint investment 
subsequent to presenting fundamental schemes, in order to confirm the possibility of raising funds. 
They also study the detailed plan for carrying out the project including the method of capacity 
allocation. Finally, all carriers, including the core carriers, investing in the project sign a C&MA and 
begin the construction work. The C&MA is called the Bible of a submarine cable project because it 
will be consulted during the entire life of the cable. It takes approximately two years to complete a 
long-haul trans-oceanic submarine cable. 
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Table 12.1 Progress of project 


Stage 

MOU Signing C&MA Signing RFS 

Participant 

Planning 

Carriers 

Initial Party 

Initial Party 

Additional party 

Approximate 

Duration 

Multifarious cases 

Half a year 

Two years 

25 years 

Event, 

Work, 

Decision 

— 

Demand forecast, 
Basic scheme, 
Capacity allocation, 
Landing stations, 
Network topology, 
Design capacity, 

RFS date, 

MOU drafting 

DGM or PIM, 

Desk Top Survey, 

Cost evaluation, 

C&MA drafting, 
Tender, 

Awarded supplier(s), 
Supply contract 

Permission, 

Fishery negotiation, 
Marine survey, 
Construction works, 
Progress confirmation 

Path activation, 

Operation, 

Maintenance 


12.5 DESIGN CAPACITY 

When planning a submarine cable, the initial design capacity and maximum design capacity are 
predetermined. Dense Wavelength Division Multiplexing (DWDM) technology enables the initial 
design capacity to be provided at the first stage and, at a later date, allows it to be upgradeable in 
scalable increments. This is fully feasible because the technology increases wavelengths launched 
from dry plant elements as of Submarine Line Terminating Equipment (SLTE) at landing stations 
when available capacity is insufficient to meet an increase in traffic. It can eliminate the need to 
modify subsea facilities, so-called wet plant elements including cables and optical repeaters. To 
assure maximum design capacity is attained in due course, the specifications of the submarine fiber 
optics and the optical repeater have to be designed pursuant to the maximum design capacity in 
advance. As an example, the Japan-US Cable Network is designed to realize 80Gbps as initial 
design capacity and 640Gbps as maximum design capacity. 

12.6 CAPACITY ALLOCATION 

The reason why each carrier invests in a submarine cable is to acquire transmission capacity 
indispensable to providing international telecommunications services. The acquired capacity 
depends on the ratio of total investment. Each submarine cable has a Minimum Investment Unit 
(MIU), which is a minimum unit capacity, and does not handle capacities of less than the MIU. In 
the past, the MIU was E-l (2Mbps), but recently submarine projects, such as the Japan-US Cable 
Network, with an MIU of STM-1 (156Mbps), have been increasing. Furthermore, wavelengths of 
DWDM or fiber pair themselves as MIUs are being used. 
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The design capacity of a submarine cable consists of the allocated capacity and a common 
reserved capacity. The allocated capacity is provided to carriers in accordance with their 
investment, and the common reserved capacity is not allocated but held by the project in reserve, 
then sold as an IRU (Indefeasible Right of Use) or made use of as restoration capacity for other 
submarine cables. Recently, common reserved capacity tends not to be held but sold out to 
participating carriers. 

A carrier that takes part in a consortium project to build a submarine cable signs the C&MA, 
invests in the project (according to their committed capacity), and acquires ownership of capacity as 
a result. There are two ways of acquiring capacity ownership depending on the network 
topology.The first one is for the consortium to allocate points to each carrier for a fish-bone 
submarine cable. In this way, a carrier uses its allocated points depending on the required 
transmission capacity and distance between landing stations. The higher the transmission capacity 
and the longer the distance between landing stations, the more points are needed. This enables 
flexible use of paths to meet unexpected fluctuations in traffic demand. 

The second way is for the consortium to allocate capacity on a ring basis regardless of the 
distance between landing stations. This is used for ring submarine cables. In the ring configuration, 
the network is actually redundant for restoration.In addition, working groups take into account the 
ability to transfer capacity to subsidiaries and affiliates, as well as portability (that is, reassignment 
of activated capacity). There is a benefit of bonus capacity when design capacity is upgraded. 

After signing the C&MA, a carrier can purchase capacity not as ownership but as an IRU if the 
carrier did not sign the C&MA. Though IRU is more expensive than ownership-based capacity, 
there is less risk for the carrier during construction. A carrier can also purchase IRU capacity less 
than the MIU from another carrier owning capacity. 

In both private and hybrid projects, owned capacity as in consortium projects is not sold but 
IRU capacity is. In such projects, ownership of capacity usually belongs to SPCs. 

To illustrate the relationship between ownership of a consortium project and IRU, the analogy of 
a tenant building is introduced here. We always assume there will be some builders. They organize 
a builder union (consortium), make a proposal (position paper), seek other builders to share costs 
(C & MA), make a contract with a construction company (Supply Contract), and construct the 
building. Each room is the same size (MIU). A builder can purchase several rooms. Because the 
builders invested a lot of money in the building, they build additional rooms (IRU) that can be sold 
to others. But these rooms are more expensive because the original builders took all the risks. A 
builder purchases additional rooms that it transfers to affiliates. This tenant building has three 
floors (initial design capacity) at its completion but is designed to have six floors (maximum design 
capacity), so its columns are designed to have enough strength for six floors in advance. It is 
therefore easy to add (upgrade) three floors when all rooms on the original three floors are sold. 
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12.7 NETWORK TOPOLOGY 

Topology is the geometrical form of the network. In the era of coaxial submarine cables, the 
configuration was limited to point to point systems. The remarkable advance of optical 
communication systems has enabled submarine cables to be network configurations. As a result, 
many landing stations can be accommodated in a submarine network. Thus submarine cable 
networks have become much bigger that before. Figure 12.2 shows the different types of network 
topologies. 
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(1) Point To Point 






(3) Fish-Bone 




(5) Ring 


Figure 12.2 Network topology 
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(1) Point to point 

This topology used to be often applied when coaxial cable or comparatively higher attenuation 
fiber was introduced in the past. It was also used when international submarine cables were 
combined with a satellite wireless system for a mutual aid purpose. Examples are the China-Japan 
Fiber Optic Submarine Cable (CJFOSC) and domestic cables linking some islands. 

(2) Branching 

This topology is effective when a submarine network connects several countries with a common 
sea. A Branching Unit (BU) is installed at the meeting point of three submarine cables. Examples are 
TPC-3, TPC-4, H-J-K (Hong Kong-Japan-Korea), R-J-K (Russia-Japan-Korea), and G-P-T (Guam- 
Philippines-Taiwan). 

(3) Fish-bone 

This topology consists of a backbone along the coast of a continent with spurs connected to 
landing stations with BUs. When a spur is disconnected, the number of isolated landing stations is 
minimized. In addition, path arrangements can provide two levels of transmission paths, express 
and local. Carriers can use different paths complying with destination. Typical examples are the 
Asia-Pacific Cable Network (APCN), FLAG, and SEA-ME-WE 3 (SMW3). 

(4) Festoon 

This topology is similar to the fish-bone type, except that branching units are not used, so all 
cables connections are landed. Therefore, path arrangements are more flexible and can make the 
best of design capacity. An example is the Japan Information Highway (JIH). 

(5) Ring 

This topology has recently become the main configuration for long-haul trans-oceanic 
submarine cables. It can provide fault tolerance by means of automatic instant path rerouting with 
Network Protection Equipment (NPE) installed at landing stations. This rerouting is done by a self- 
healing ring that provides internal restoration capacity in the event of a link outage. Typical 
examples are the TPC-5 Cable Network, China-US Cable Network, Japan-US Cable Network, and 
the Asia-Pacific Cable Network 2 (APCN2). 
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12.8 LANDING STATION 

A landing station not only provides a landing for the submarine cable and contains terminal 
equipment but also provides an access point to the submarine network. Therefore it is quite usual 
that co-location is offered to allow co-locating carriers have access to submarine cable networks. In 
this case, they install their own fiber optic cable and equipment in a landing station, that facilitate 
connections with the submarine cable network. 

When a submarine cable is planned, selection of a cable landing point is quite important. 
Terrestrial connection networks are cost effective if the cable is landed near an urban area where a 
large part of international traffic is created. If a new landing station is needed, the place must 
satisfy the requirements for both the marine and terrestrial sides. These requirements are listed 
below: 

(1) Marine 

- Sandy seabed to allow cable to be buried easily. 

- Seabed terrain: avoid steep slopes of more than 25 degrees 

- Little fishery activity, especially otter trawling, which could possibly damage the cable 

- Low risk of anchor casting by boats 

- Easy approval from local fishery associations 

-Easy approval for cable occupation from local goverment without violating coastal 
preservation laws 

(2) Terrestrial 

- Low risk of earthquakes and tsunamis 

- Site wide enough to build a landing station 

- Ground easy to excavate 

- Permission for road excavation to install underground cables 

- Proximity to an existing terrestrial network 

- Premission of landing license of international cable by government 

12.9 TERRESTRIAL CONNECTION NETWORK 

To access a metropolitan area from a landing station, a backhaul (an exclusive path for 
international use connecting a gateway with a landing station) and a gateway (where a station for 
an international path terminates and interconnects with international and domestic networks) have 
to be arranged. A domestic connection between landing stations of different submarine cables is 
called a transit. Figure 12.3 shows a terrestrial network connected with submarine cables. The 
backhaul is like a shuttle bus to an international airport; the transit is like changing flights at an 
international airport. The best transit connectivity is given when two submarine cables land at the 
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same landing station. 

It has recently been advocated that terminal equipment installed at a landing station should be 
installed at a gateway to a metropolitan area. This would make transit easier and backhaul less 
expensive so that mutual connectivity between submarine networks and concentrated terminals in 
the area would be better. However, terrestrial cable needs underground ducts that cost more than 
those of submarine cable in terms of length. This problem is expected to be resolved in good time. 
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Figure 12.3 Terrestrial network connected with international submarine cables 





CHAPTER 13 


PROCUREMENT OF SUBMARINE 

CABLE SYSTEM 


To procure equipment for an international submarine cable. Purchasers gives potential 
Tenderers both requirements and specifications for competitive tender, evaluate their tenders, then 
award Purchasers to certain Tenderer. The final preferred Tenderer makes a Supply Contract with 
the Purchasers, carries out construction work, then completes it by the "turn key" stage; that is, 
when the submarine system is ready for operation. 

The IMC of the Purchasers, are responsible for business schemes including capacity allocation 
and system procurement of the submarine cable. There are two approaches for procuring the 
submarine system: designated contract and competitive contract based on a Request For Proposal 
(RFP). The latter, explained below, is mainly chosen because it allows the Purchasers to make the 
best of state-of-the-art technologies provided by the potential Tenderer. 

13.1 ROUTE SURVEY 

A Desk Top Survey (DTS) is conducted first to select the marine route of the submarine cable. 
This survey collects information on permission, fishery activities, natural conditions including land 
slides, etc. The results of the survey are utilized for evaluating the feasibility of the project, then a 
possible route is selected on a chart. After the DTS, the actual seabed of the marine route is 
surveyed in order to confirm whether it is suitable for cable installation or/with burial. The marine 
survey collects the data listed below: 
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(1) Inshore waters 

- Water depth and ocean-bottom slope 

- Characteristics of bottom soil and possible burial depth 

- Obstructive objects, such as fish-gathering objects and sunken boats 

- Distance of the route 

(2) Offshore and oceanic waters 

- Water depth and ocean-bottom profile 

- Natural disasters, such as marine volcanoes 

- Bottom soil 

In shallower waters, fishery activities are comparatively prosperous. To make matters worse, the 
area presents a high danger to a cable due to anchoring by boats. It is always recommended that 
submarine cable be wrapped with steel armor, installed in articulated pipes, and buried. A new 
cable may cross an existing one, in the case, an approval for crossing from existing cable owners is 
necessary. Even if there is no nearby landing station, the cable route must be carefully selected 
when it is installed through a strait or channel. In East Asia, such routes include the Bashi channel 
between Taiwan and the Philippines and the straits of Malacca between Malaysia and Indonesia. In 
addition, routes in the Japan Trench must be carefully surveyed because of the many cables already 
laid there. 

In the past, these DTS and marine survey were conducted by Purchasers, however, in the recent 
projects these tend to be the responsibility of Suppliers. Hence, Purchasers work is now to show 
the basic cable route to the Suppliers. 

13.2 PREPARATION FOR REQUEST FOR PROPOSAL 

RFPs with a tender document describing the technical specifications and the terms and 
conditions are sent to potential suppliers in order to evaluate their ability and the price of system 
procurement. And potential suppliers respond to their proposal document in accordance with the 
tender document. Especially, design capacity (dependent on the number of wavelengths of 
DWDM), interface, system configuration, construction cost, and RFS date are checked to confirm 
that the potential suppliers can meet the requirements. The reservation of cableships, survey 
equipment, and the manufacture of submarine cables sometimes become critical factors in 
constructing the submarine cable. 

13.3 EVALUATION OF TENDERS 

To secure fair competition, all tender documents submitted by Tenderers are to be unsealed 
together at a time and place predetermined by the Purchasers, and the evaluation of the tenders 
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starts at that time by the Interim Procurement Group (IPG), and since it requires a comprehensive 
assessment from the viewpoint of technical aspects as well as aspects of Terms and Conditions, and 
of proposed prices, some supplementary remarks on the process of the evaluation follow with 
respect to the respective aspects. 

13.3.1 TECHNICAL EVALUATION 

At the Technical and Operational Working Group (TOWG) established under the command of 
the IPG, the evaluation is made on an item-by-item basis as to whether or not the technical contents 
of the tenders conform to the Technical Specification. In evaluating each of the technical proposals, 
each item of the Technical Specification is examined in terms of whether or not there is any critical 
Non-Compliance relative to the evaluation criteria set forth by categorizing in advance each of 
these items into three levels (Critical, Major and Minor) according to its degree of importance. 
Through consultation with the Tenderers concerned, the TOWG clarifies any uncertainty about the 
technical contents included in the tender, and ascertains whether it is possible to modify 
unconformed parts so that they may meet the specifications. Based on the results of such work, the 
Group prepares the technical evaluation grid and short-list in due consideration of the degree of 
importance of non-compliant items still remaining, and reports it to the IPG. 

In addition, in parallel with the work for technical evaluation, the work for cost equalization is 
made by the TOWG. With this work, in order to fairly evaluate prices of the tenders which include 
parts not conforming to the Technical Specifications, or, which, in contrast to the above, include 
proposals outdoing requirements specified in the Technical Specifications, the TOWG compares 
prices of the tenders after ascertaining the quantities required on an item-by-item basis with respect 
to work, equipment, materials, etc., proposed in each of the tenders and adjusting the quantities in 
compliance with the Technical Specifications. Reported to the IPG are the items equalized through 
the cost equalization process and the ranking of the tenders based on prices assessed through the 
process. 

13.3.2 EVALUATION OF TERMS AND CONDITIONS, AND PRICE OF CONTRACT 

The Financial and Contractual Working Group (FCWG) established under the command of the 
IPG conducts the evaluation work with respect to the commercial aspects, the Terms and 
Conditions, and the price schedule of the tenders submitted. In evaluating the Terms and 
Conditions of the contract, confirmation is made in terms of quantities of the Compliance and Non- 
Compliance in the light of the compliance table of the RFP, and this constitutes an initial criterion 
for selecting Tenderers. Sometimes the Terms and Conditions items included in the compliance 
table are supplemented with comments by the Tenderers, and thus the work of clarifying 
ambiguous points and deleting these comments is conducted through a face-to-face meeting 
between the Purchaser and the Tenderer. At the final stage, consultations are made so that all the 
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items are compliant, and almost all comparative merits and demerits are resolved. In evaluating 
estimates, based on the above-mentioned cost equalization work conducted by the TOWG, a 
recommendation is made to the IPG suggesting award of the contract to the Tenderer who proposes 
the least expensive price after equalization. 

13.3.3 COMPREHENSIVE EVALUATION 

The IPG, based on the technical evaluation report from the TOWG, and the Terms and 
Conditions and the price evaluation report from the FCWG, comprehensively evaluates each of the 
tenders to select the final preferred Tenderer. The final preferred Tenderer is not necessarily a sole 
supplier, and there are cases when a contract is awarded for each system/segment. 

13.4 EXECUTION OF SUPPLY CONTRACT 

The preferred Tenderer selected by the IPG is reported to each working group, which finalizes a 
draft supply contract with the preferred Tenderer toward the execution of the Supply Contract, and 
the FCWG prepares the Supply Contract for signing and presents it to the IPG. Prior to the 
execution of the Supply Contract with the preferred Tenderer, The IPG submits this version to the 
Interim Management Committee (IMC) for approval of signing. Once approved, the Supply 
Contract is executed between the Contractor and the Procurement Group (PG) organized pursuant 
to the Construction and Maintenance Agreement (C&MA). 

13.5 PROJECT MANAGEMENT 

13.5.1 ORGANIZATION OF PROCUREMENT GROUP AND CONDUCT OF MEETINGS 

After the execution of the Supply Contract, full-scale construction work is initiated with the PG 
being the supreme decision-making organ for procurement work. In order to efficiently manage 
various kinds of construction work by the Suppliers, Working Groups including the Commercial 
Working Group (CWG), the Technical Working Group (TWG), the Quality Assurance Working 
Group (QAWG), the Commissioning and Acceptance Working Group (C&AWG), and the Marine 
Activities Working Group (MAWG) are organized under the PG as shown in Fig. 13.1. In addition, 
an organization called a Project Management Group (PMG) or Project Coordination Group (PCG) is 
often established to negotiate the solution for the problems occuring during the course of the 
project or to manage the progress with Suppliers directly itself. PMG/PCG consists of PG members. 
Normally these Working Groups or Groups, with their Terms of Reference decided by the first 
meeting of the PG, from time to time have meetings to promote the construction as well as to 
confirm the progress of the project. In particular, during the PMG/PCG meeting session, joint 
meetings with the Suppliers are held. Results of negotiations are reported by the PMG/PCG to the 
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PG, which gives the final approval after review. When the PMG/PCG is not organized, the PG may 
assume the function. 



Figure 13.1 Organization of procurement group 


13.5.2 ACTIVITIES OF WORKING GROUPS 
(1) CWG 


The CWG is a working group responsible for managing the project budget, the payment 
schedule and the Billing Milestone (BM) for payment corresponding to the completion of various 
activities, and for going through the procedures for the Project Change (PC) and the Contract 
Variation (CV). It handles contractual and commercial matters relating to the procurement work. 
The Working Group also conducts, as a leading body of various Working Groups, negotiations with 
the Suppliers with respect to the PC/CV submitted by them, and manages documents on them. 
Normally several PCs are combined into a CV to have it reflected as a formal amendment to the 
contract. 
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(2) TWG 

The TWG is a working group responsible for all technical matters, and approves the equipment 
developed and manufactured according to the Technical Specification of the contract (Cables, 
Repeaters, Branching Unit, Submarine Line Transmission Equipment, Add Drop Multiplex, 
Network Protection Equipment, Power Feed Equipment, etc.), and verifies technical matters for 
landing stations. In order to verify that the equipment to be introduced is developed in conformity 
with the Technical Specifications, the Working Group has the supplier carry out the Design Review 
and the Technical Demonstration in the presence of the TWG's representatives. In addition, it 
formulates the Factory Acceptance Test (FAT) procedure for manufacture verification, and conducts 
on-the-spot inspection at the factory. 

(3) QAWG 

The QAWG is a working group responsible for ensuring the conformance of the manufacturing 
process, etc., to the quality standards specified in the Technical Specifications, and carries out 
inspection activities at the factory to confirm the quality, as well as the attendance at the FAT. In 
addition, the System Assembling Test (SAT) for verifying the connection between cables ready for 
laying and repeaters, and the witnessing of loading of cables into the cableship, etc., are also 
performed under the control of the QAWG. It holds joint meetings with the Suppliers to ascertain in 
detail the progress of manufacturing equipment, the state of the SAT, and the situation of loading. 
The Working Party may cause the Quality Assurance Representative (QAR) representing the 
Purchaser to conduct the factory inspection, the attendance at FAT and SAT, and witnessing 
activities for loading. 


(4) C&AWG 

The C&AWG is a working group responsible for on-the-spot inspection of the on-site Purchasers 
Acceptance Test, the Commissioning & Acceptance Test, etc., on the terminal equipment conducted 
at the landing station. Its meetings discuss mainly coordination of various tests to be implemented, 
reports on and countermeasures against failure occurring during the tests, etc. Various test 
procedures are reviewed and determined by the TWG. 

(5) MAWG 

The MAWG is a working party responsible for determining the Straight Line Diagram (SLD) and 
the Route Position List (RPL) in conjunction with the Suppliers following the route survey, as well 
as for all matters relating to laying work. The Working Group also provides the TWG with technical 
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support, in particular from viewpoints of structural problems, etc., in respect of cables, repeaters, 
etc. Its meetings examine process control relating to cable laying subsequent to the determination of 
SLD and RPL, and countermeasures against failure, etc., occurring in the course of laying work. 

13.5.3 PMG/PCG AND CCM 

At the PMG/PCG meetings, reports on activities from Working Groups are presented, and 
during the meeting session the Contract Coordination Meeting (CCM) is held jointly with the 
Suppliers. At the CCM, it is customary to set a question-and-answer session to clarify ambiguous 
points found on the monthly progress report to be submitted by the Suppliers as a matter of duty, 
and to establish confirmation of the Plan of Work (POW). Since the progress of construction 
normally involves changes in the detailed schedule depending on the conditions of development 
and manufacturing of cables, repeaters, terminal equipment, etc., of installation and testing of 
terminal equipment, and of cable laying, a revised POW is to be submitted monthly together with 
the monthly progress report to secure management of the progress of construction. 




CHAPTER 14 


CABLE CONSTRUCTION 


14.1 OUTLINE OF CONSTRUCTION WORK 

In general, construction is to be executed in the sequence shown below, but in cases where the 
cable length is longer than the capacity of each cable ship can deal with, the installation shall be 
carried out with the cable-laying work conducted separately according to the ship's capacity. 
Further, in order to enable the use of a small-type cable ship to lay the landing section, there are 
also cases where the landing section and its protection work are separated from each other. In 
addition, for the main cable-laying section, there are cases where the work on the landing, shallow 
sea and deep sea sections are separate from each other. Here, explanations are given on 
simultaneous cable laying and burial, and on the cable-laying section, with a focus on the method of 
work procedure. 

Also, along with these items, it is necessary to obtain permission and/or approval from relevant 
authorities for conducting marine surveys and cable-laying operations. This also includes 
negotiations with the fishing industry. 

<The Flow of Submarine Cable Construction Work> 

(1) Manufacture of Cable/Repeater/Branching Unit (BU)/ terminal station equipment 

(2) Construction of landing stations and auxiliary work 

(3) System assembly 

(4) Landing station work (laying of the land cable and installation of the earth system) 
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(5) Cable-landing work/Protection work 

(6) Cable laying and burial (to be conducted several times according to the cable length) 

(a) Transit to Cable Factory 

(b) Cable Loading / Test 

(c) Transit to Site 

(d) PLGR (Pre-Laying Grapnel Run for the buried section) 

(e) Cable Jointing 

(f) Cable Laying (and simultaneously burying using the plough cable length) 

(g) Buoying off or Final Jointing 

(h) Transit to the cable factory or a standby port 

(7) PLIB (Post-Laying Inspection and Burial) 

(8) System test (to be implemented by the supplier) 

(9) Acceptance test (to be implemented in the presence of the purchaser) 

(10) Delivery of system (including the final report of work execution) 

In actual large projects, two or more cable-laying vessels may be required according to 
conditions such as total cable length and the burial depth. Thus, efforts should be made in a way 
that takes account of factors such as the contingency of the marine meteorology and carefully 
combines all processes, enabling the work to be completed with the maximum efficiency and in the 
shortest sequence. 

In other cases, there are restrictions, such as intersections with pipelines, the cable-laying period 
determined by relative fishermen's union and the schedule for the system assembly. Therefore, it is 
necessary to take these factors into consideration as well. 

For reference. Fig. 14.1 is an example of an assumed schedule for an entire project, prepared 
based on various relationships for each milestone. However, it should be noted that this is a 
presumed case, and is, therefore, different from an actual project. 
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Figure 14.1 Schedule for the Assumed Project 
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14.2 CONSTRUCTION OF THE TERMINAL STATION 

A piece of land with the necessary space for the construction of the station building in the 
vicinity of the selected landing site needs to be purchased. The required land area depends on the 
system plan, the building structure as in one or two stories, and future demands including 
connectivity with land transmission network systems. However, the required land space might 
usually be 5,000 to 10,000 square meters. And sufficient spaces and structures are necessary to 
install each item of equipment such as Line Terminal Equipment (LTE), Power Feeding 
Equipment(PFE), the monitoring system of repeaters, Maintenance Controller, emergency electric 
power unit, and also an emergency generator, plus a battery system if required. The internal 
arrangement of these items of equipment might also require enough floor strength to fix each item 
of equipment in order to avoid it turning over due to earthquakes etc. 

This also requires concurrent installation of a large amount of transmission equipment (STM-16, 
STM-1 etc.) to connect with each land transmission system. 

14.3 INSTALLATION OF CABLE STATION FACILITIES 

14.3.1 INSTALLATION OF SUBMARINE CABLE TERMINAL EQUIPMEN 

The work of installing terminal equipment in a cable station covers a series of operations such as 
the fixing of equipment, cable wiring and the interconnection of such equipment, and various tests 
and adjustments of the equipment thus installed. The requirements for mechanical and electrical 
performance of the equipment should be satisfied in carrying out this installation work. 

14.3.2 EQUIPMENT ARRANGEMENT 

In general, the equipment should be arranged with the aim of accomplishing maintainability, 
electrical performance, and the future expansion plan. 

Submarine cable terminal equipment, power feed equipment for submerged repeaters, various 
items of monitoring equipment, etc. are provided in the cable terminal station. In the putting in 
place of the above equipment, the following matters should be taken into consideration: 

(1) Since the submarine cable is stiffer than any other cables in the station, it must be terminated 
at a position where it can be laid with the least possibility of bending. 

(2) The fault localization test set, which must be connected directly with the submarine cable, 
should be located near the cable terminating equipment. 

(3) The carrier terminals should be installed separate from the power feed equipment for 
submerged repeaters to avoid the effect of the electromagnetic waves that the D.C.-D.L. 
inverter of such power equipment radiates. When audible frequency is used for the D.C-D.C. 
inverter, it is desirable that the power equipment be placed in a separate room to avoid 
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noise. 

(4) It is generally undesirable to set up individual equipment racks on the basis of back-to-back 
installation from the viewpoint of the convenience of maintenance and repair work. 

(5) In view of the ultimate capacity of the cable system, it is desirable to arrange the racks, so 
that addition of the same kind of equipment can be made on the same rack in the future. 

(6) Sufficient spacing should be provided between rack rows in order to permit the use of a 
vehicle carrying a measuring instrument and to facilitate measuring and maintenance work. 
Both the submarine cable terminal equipment and the terrestrial system terminal equipment 
are placed in order according to the direction of the traffic flow in the communication path. 
The order-wire equipment and the monitoring and measuring equipment are also arranged 
in a way that is convenient for maintenance work. 

14.3.3 IN-STATION TESTING 

The testing of cable station equipment is carried out after the completion of the installation work 
including the fixing of equipment and the installation of connecting cables. The testing is of two 
types; individual rack testing and overall suite testing. A close inspection is made at the factory of 
all the equipment delivered, so that no special check is required other than just to see if there is 
anything unusual that may have happened during transportation and installation. For this reason, 
the individual rack test may involve major test items only, and weight will be attached to the 
overall suit test. Details of In-Station testing is described in section 15.4. 

14.4 ADDITIONAL PLANT OF LANDING STATION 

Submarine cables are landed from shallow water areas to the shore, then, drawn into the landing 
station through the seashore. In this section from the shallow water to the shore, cables are often 
damaged due to waves, anchoring, fishing activity, vehicle or man-made hazards. To protect the 
cable from these potential causes of damage, double armored cable type is adopted in this section. 
In addition, an under-ground conduit, trenching to bury the cable and/or attaching cast iron pipes 
used as more secure protections. 

Others, such as earth plant to feed electric power to the cable is also installed in the shore end, 
and land marks to show the area or route where submarine cable is laid are constructed to be 
recognized from the sea. 

These facilities are generally called additional plant for landing stations. A typical example is 
shown in Fig. 14.2. 

These facilities, with the exception of landmarks, are not exposed after completion of the entire 
construction as a specific feature. 

Hereinafter, outline of the construction method of each facility is given. 
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14.4.1 CONDUIT 

Conduit to pass the cable is typically needed in the following conditions; 

1) topographic circumstance of insufficient protection to bury the cable into the trench, 

2) existence of heavy traffic roads between the landed shore and the station, 

3) crossing an area where trenching and digging are prohibited. 

Recently, Authorities prefer Horizontal Directional Drilling (HDD) due to its ability to avoiding 
unnecessary digging and thus not to damage the natural environment, or the re-construction of 
wave protection walls etc. 
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There are usually three conduits for one system, one for the main submarine cable, one for a 
spare, and a sea earth cable. In case of a ring network, the total number of required conduits can 
still be three even though two main cables are landed. This is because sea earth is installed 
underground or in the vicinity of the landing station as a recent trend. 

14.4.2 CABLE TRENCH 

It is necessary to bury the landed cable into the trench so as not to expose it on the land. This 
means protection for the cable from external forces such as traffic, parking etc., and also, it is useful 
to stabilize the cable temperature from atmospheric temperature change. 

The bottom width of land trench is better at 50 cm for one cable, and, 20 to 30 cm per cable is 
suitable as the extensional width for additional cables. In addition, the trench depth is required to 
be more than 150cm. However, surface width is not constant due to the soil type. The installed 
cable is covered with a U-shape concrete cover. For future re-use or maintenance, landmarks are 
settled on the trench. Figure 14.3 showns an example of a cable trench. 



Figure 14.3 Example of land area protection 

14.4.3 EARTH CABLE FOR ELECTRIC POWER FEEDING 

For electric power feeding to submarine cable systems, a low-resistance and stable earth system 
are required. For this requirement, there are two methods. One is earth in sea; Sea Earth, the other 
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is buried in the shore area; Shore Earth. Sea Earth is adopted largely for the English type system, 
however it can be easily damaged mechanically. Therefore, it has to be recovered for repair at times. 

Meanwhile, Shore Earth can keep stable earth resistance less than one ohm if it can be installed 
in lower resistivity areas. For this reason. Shore Earth is mainly adopted as the earth for power 
feeding equipment. 

The structure and arrangement of Shore Earth is shown in Fig. 14.4. 

The resistivity value at the planned-place has to be measured in advance, by using the three 
electrode method in the vicinity of the planned place. According to the result, the number of 
electrodes required to fulfill the technical requirement is calculated. 

However, the shore earth has been occasionally installed within landing station territory 
recently. 




Figure 14.4 Shore earth cable 


14.4.4 LANDMARK 

Major cable faults of submarine cables occurred at less than 1000 metre depths, and their causes 
are mainly due to man-made origin such as fishing activity and anchorage. For protection of the 
cable from these faults, landing marks are installed because ships, which are navigating or fishing 
near cables, can easily recognize the cable position from offshore, even though its requirement 
should be also based on the law. 
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A landmark to show the cable position is installed on the line where extended toward the land 
of the cable route. One of the landmarks on the line is installed shore-side and the other is laid non¬ 
shore-side as Fig. 14.5. 



Shore Side Land Side 


IX Light 

/V ' r 




A A 







b) Type of Landmark 
Figure 14.5 Example of landmark installation 


14.4.5 CABLE PROTECTION 


In case of installation at the coral or rocky areas influenced from wave motion, shore-end to 
approx. 50 meters water depth, under water trench is used to protect the laid cable, shown in Fig. 
14.6. 

Natural grooves composed of reef or coral area are quite useful to reduce the cost of the trench 
made by divers, therefore this design may better to be considered from the planning stage. 

If it is difficult to make a trench by any reason, protection pipes to cover the cable are required 
at least, then these protection pipes are fixed on to the rocky seabed if possible, to avoid damages 
by wave motion at the shore end. (Refer to Fig. 14.7) 
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Articulated Cast Iron Pipe Protection Articulation AnchorBolt 



Figure 14.7 Example of cable fixing 
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14.4.6 CABLE CROSSING OF PIPELINES OR EXISTING CABLES 

In case of the direct touching of an existing cable or pipeline, the touching point might cause 
corrosion or rust to both side. In addition, damage could be expected when repair or maintenance 
work of whichever would be required. 

For these reasons, cable crossing method has to be considered in advance before the actual 
installation. In addition, agreement should be reached with the owner of existing cables or pipelines 
regarding the crossing condition and protection for both sides, and whether a crossing point and 
condition survey is required or not. 

From the viewpoint of cable type selection, cable type needs to be same or similar. Usual 
crossing methods are described hereinafter. 

(1) Exposed cases 

In case of exposed condition, an existing cable or pipeline is buried in the vicinity of the 
planned crossing place in advance if possible. However, the seabed at the exposed area is 
usually not buried because of its hardness or rockiness etc. For this reason, existing cable or 
pipeline should be covered with protection pipe and dumping rock or concrete bag etc. before 
cable laying as Fig. 14.8 although the owner have to agree this protection method and procedure 
in advance. 

If protection is carried out after cable laying, cable slack should be secured during actual 
cable installation in this vicinity. 



Figure 14.8 Example of exposed condition 


(2) Buried cases 


In case of crossing with a buried cable or pipeline, the laid cable is buried at a shallower 
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burial depth than the existing cable or pipeline, at least more than 20 cm as in Fig. 14.9 although 
this spacing should be agreed by the owner in advance. Additionally, a pre-survey might be 
required to confirm the burial depth of the existing cable or pileline at the planned crossing 
point. 


Sea Bed 

7777777777J77777T7777777777T7T/ 

Laid Cable 
l More than 20cm 

Existing Cable or Pipeline 



Figure 14.9 Crossing method of buried object 


14.5 SYSTEM ASSEMBLY 

The necessary cables, repeaters and branching units are to be manufactured according to the 
technical specifications based on the system requirements and the data obtained from the marine 
surveys. The insulation test is conducted for any part of the cable that has been manufactured. After 
that, the cable is jointed to repeaters, then evaluation testing is carried out for the jointing. 

If the cable is to be very long and one factory cannot manufacture it in time, the cable can be 
divided into a number of sections manufactured by two or three factories. In such cases, a schedule 
should be worked out by taking account of the transport of cable to sites as well. 

Prior to shipment from the factory, the system should be connected to the power feeding 
equipment, tested to confirm its normality, and then loaded onto the cable ships in sequence. In 
order to shorten the schedule, there are cases where partial tests should be conducted. The main 
test items are as follows, 

(1) Optical Spectrum (SNR) 

(2) C-OTDR measurements 

(3) Electrical measurements 

14.6 CABLE LOADING 

First, a tanking plan to store cables inside the ship should be drawn up based on the cable¬ 
laying plan (i.e. the cable-laying sequence). A plan for loading the cables onto the ship is then to be 
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drawn up according to this plan. Following this, the cables are to be loaded at the factories as well 
as observing system performance. 

A cable layout and tanking plan including repeaters storage on deck should be worked out in 
advance so that the cable in each tank of the ship can be well-balanced and not out of order. The 
cables should be loaded continuously according to this plan. 

The loading of the cables depends on their length, but in general, in order to shorten the number 
of days needed for cable loading, it can be conducted using two lines of loading . The loading speed 
is adjusted according to the length of the line between the tank in the factory and the leading-in 
opening of the ship, the height, amount of bending and the type of cable. 

Further, check in advance whether there are any protruding objects in the line, so as to avoid 
unnecessary damage to the cable. When the cable connected to the repeater is loaded onto the ship, 
the loading speed should be properly reduced so that the repeater does not experience excessive 
impact or vibration. 

After the cable has been loaded, the remaining jointing must be carried out and the conditions of 
the entire loaded cable must be tested for the purpose of ascertainment. 

Prior to departure from the port, the cables should be fixed in such a way that during the voyage 
they will not collapse due to the ship's pitching and rolling. Also, as the temperature generally 
needs to be controlled for the repeaters, they should be stored at the appropriate temperature until 
the cable is laid. In many cases, they are generally stored in an air-conditioned cable tank. 

14.7 CABLE INSTALLATION AND BURIAL 

14.7.1 LANDING WORK 

The work of pulling the cable up from the cable ship to the seashore, so that the cable end that 
has already been laid can be pulled into the landing station on the seashore or the beach manhole is 
referred to as cable-landing work. In most cases, due to the shallow water close to the seashore or 
the influence of waves and currents of a seasonal nature, it is impossible for the cable ship to 
approach the seashore. Therefore, the cable ship is moored offshore in a fixed position (in the case 
of a ship loaded with DPS (Dynamic Positioning System), in general the ship does not need to be 
fixed such as by anchors), and from this position the terminal of the cable is drawn out from the 
bow or stern and the cable is landed to the terminal station directly or landed to a connection with 
the land cable. 

There are a number of landing methods, and in an actual project the optimal one is adopted by 
taking account of the various conditions of the seashore where the cable is to be landed (water 
depth, seabed material, waves, currents, wind direction, topography, existing cable if any, 
protection method like burial, etc.) and the cable landing distance. 
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Figure 14.10 is an example that shows the two typical methods of landing cables, the cable ship 
towing method and the towing-at-shore method. The cable-towing method in Fig. 14.10 (a) is 
mainly used in cases where it is possible for the cable ship to safely approach a distance of several 
hundred meters from the seashore. This is a method that, after the ship has been fixed, the wire 
rope is pulled out from the stern or bow by means of a work boat, and as shown in the figure, the 
rope, after being bridged between the pulley on the seashore and the cable ship, is wound back to 
the cable ship so that the cable can be landed. In addition, the cable is mounted with such things as 
balloon buoys and floats at certain intervals to bring about buoyancy for the cable to be landed in 
the aim of avoiding any cable damages. After the cable has been adjusted so it can touch down at 
the scheduled cable-laying route, buoys or floats are cut off and the cable is lowered to the seabed. 

The towing-at-shore-method shown in Fig. 14.10 (b) is used in cases where there is a long 
landing distance in a shallow shoreline area. This is a method that uses a tractor to pull the wire 
rope and land the cable by means of a work boat. In such cases, a large pulley and a tractor-like a 
bulldozer are made available on the seashore and the cable is landed on the seashore from the work 
boat. The other points are the same as in method Fig. 14.10 (a), and as long as there are no problems 
with marine meteorology, the method can be safely implemented even if the landing distance is 
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more than 1,000 meters. 

Normally, in addition to conducting direct landing, the submarine cable of the landing section 
can be laid in advance by means of a small ship with a buoy attached at the end of cable. After that, 
the cable ship makes a cable joint with the cable that has been laid in advance and starts the laying 
of the main section. For this purpose, it is necessary to make the schedules properly overlap with 
each other if the cable is to be protected (i.e. post-laid burial) after the said jointed section is 
connected to the newly-landed section. 

14.7.2 CABLE-LAYING WORK 

(1) Cable laying 

The cable main lay starts after jointing to the landed cable end. In most cases, simultaneous 
burial work is carried out as described in Section 14.7.3. 

In the case of post-laying burial after the cable has been laid, the cable should be laid in such a 
way that there is approximately 1% cable slack available, but in other cases, normally in places 
where the sea bottom is flat, 2% should be available for the armored section and 2.5% for the non- 
armored section. In cases where the sea bottom is sharp, the cable slack should be adjusted to 
ensure that the cable touches the sea bottom with the least possible amount of suspension. 

The cable is laid at a speed of approximately 2kt for armored cable and 4-6kt for non-armored 
cable. However, in cases where the joint box and repeater are laid, the cable-laying speed should be 
reduced to approximately 0.5-lkt. 

(2) Laying of branching unit 

The underwater branching unit (BU) is connected to three cables, i.e., the so-called main cable 
on the one side and the so-called branch cables on the other side. 

There are two methods used to lay this branching unit, one in the sequence from the branch 
cable to the BU and then to the main cable, and the other in the sequence from the main cable to the 
BU and then to the branch cable. 

Figure 14.11 shows these two methods, (a) is the method in which the operation starts at the 
branch cable. According to this method, branch cable C is laid towards the buoy connected to 
branch cable B which has been laid in advance. The terminal of branch cable B is recovered to the 
ship by taking back the buoy and rope. This cable, after being jointed to the BU, is then sent out 
from either the bow or stern. As this can be completed by one ship, it is referred to as the single 
cable ship method. 

On the other hand, (b) shows the method referred to as the two cable ship method because two 
ships are needed. According to this method, while the cable ship No. 1 is laying the main cable, 
when it has reached the branching spot, the cable terminal of branch cable C is delivered from 
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either the bow or stern to cable ship No. 2 and jointed to the cable of cable ship No. 2 or a cable 
whose length is several times the water depth is delivered from cable ship No. 1 to cable ship No. 2. 
Then, cable ship No. 1 delivers the BU from either the bow or stern, and the two cable ships lay 
branch cables B and C respectively at the same time. 

The single cable ship method is simpler than the two cable ship method and makes it possible to 
conduct the cable-laying operation without any synchronization between two ships. In addition, as 
using only one ship is economical, this single cable ship method is generally used. 

Furthermore, in cases where the BU is laid in deep seas, as the tension of the main cable 
increases, a cable capable of withstanding such high tension should be used. 

On the other hand, for repair around the BU in the deep sea, in consideration of the permissible 
bending angle between the BU and the branch cable, and the permissible tension of the branch 
cable, the BU should be recovered from the main cable side. However, if the BU is recovered with 
two branch cables, it is likely that the tension of the main cable on board the ship may exceed its 
permissible value due to the weights of the two cables themselves which have taken the vertical 
shape on the sea bottom, the cables' resistance against seawater and the weight of the BU itself. 
Therefore, at least one of the two branch cables should be cut off beforehand on the sea bottom, and 
then the BU should be recovered. 
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Cable Ship 1 






Figure 14.11 Method of laying branching unit 
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14.7.3 BURIAL WORK 

(1) Outline of burial work 

The purpose of burying a cable is to protect it from ship's anchoring or fishing gears. The cable 
has to be buried much deeper in areas with a water depth of approximately 100 meters considering 
the ship anchor affect; and taking into acount of fishing activities in areas with a larger water depth, 
burial is generally carried out up to a water depth of 1,000 meters and up to 2,000 meters at 
maximum. However, from a conservative viewpoint, if the cable is buried too deep, it will be 
damaged when it is picked up for repairs, and therefore there are also cases in which the ideal 
burial depth has been determined to be less than 80cm in certain areas. It is determined by general 
judgement considering the circumstances such as hardness of seabed, sediment, fishing or 
anchoring activities. 

The burial method is generally divided into two categories, i.e., simultaneous burial with cable¬ 
laying operations and retroburial using ROV (Remotely Operated Vehicle), seabed tractors. 

In order to bury the cable as it is being laid, in the case of relatively soft bottom materials such 
as sand and mud, a plough-type burial machine is used, as it is the most efficient and suitable for 
long distance operations. 

One of the newest hoe-type burial machines is suitable for burying at depths of up to a 
maximum of 3,000 meters, and as the touch-down point of the cable to be laid lies quite far away 
from the position of the burial machine on the sea bottom, careful cable-laying control is necessary. 
If the cable touch down point is close to the burial machine, the cable might be suspended. 

To bury the cable as it is being laid in the sand-wave section, as it easily gives cause to cable 
suspension, the method of laying cable with adequate cable slack, and using retroburial equipment 
such as ROVs to bury the cable is considered less risky. This is because there is retained tension in 
the cable after it passes through the burial machine as a result of the internal friction resistance 
caused when the cable passes through the inside of the hoe-type burial machine. 

(2) Simultaneous cable laying and burial 

The first step in the operational procedures for laying and burying the cable at the same time, is 
to remove the obstacles along the cable route by conducting a PLGR using the cable-laying ship or 
another ocean tugboat. After that, the cable loaded on the cable ship is jointed to the cable that has 
been landed and is then made to pass through a plough-type burial machine. The burial machine is 
installed on the sea bottom, and the cable ship begins to move slowly, towing the burial machine 
while burying the cable. 

In general, cable laying and burying a cable simultaneously depends on the material of the 
seabed, and the burial machine is towed at a speed of approximately 0.5-1.0kt. In such cases, the 
cable-laying speed and the cable tension of the linear cable engine are controlled using the control 
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value based on the underwater weight of the cable from the ship to the sea bottom and multiplied 
by a determined coefficient. However, if the water becomes deeper, the type of cable changes or a 
repeater is let out, it is necessary to revise the said control value according to the underwater 
weight of the cable. 

If the control value has not been revised for certain reasons, it will result in excessive tension on 
the cable or the use of unnecessary cable slack, resulting in an increased risk of cable damage. For 
example, if the type of cable is changed from double armor to single armor, the underwater weight 
of the cable becomes lighter, and so the control value should be reduced. However, if the value is 
not reduced, there will be excessive tension. Conversely, when the type of cable changes from 
single to double armor, the control value should be increased. If the cable is laid with no revisions 
made to the control value, as the underwater weight becomes greater, there will be excessive cable 
slack and the cable will be in a tangling condition in front of the burial machine. In these 
circumstances, the cable will be damaged if not stopped immediately. 

To ascertain and control the position where the cable has been buried, the cable ship is steered 
in such as way that it can travel along the submarine cable route while ascertaining the position of 
the burial machine by means of underwater sound locating equipment. In general, as the position of 
the cable ship is precisely measured by means of D-GPS (Differential-GPS), the ship is steered in 
such a way that the burial machine can travel along the determined route while the computer is 
calculating and always ascertaining at which position at which the ship is located in the marine 
chart, according to such data as the direction of the ship, the position at which the underwater 
sound locating equipment (transducer) is mounted on the ship, the direction of the burial machine 
as seen from the underwater sound locating equipment, and the water depth and distance. 

In addition, if the distance at which the cable must be buried is several hundred kilometers or 
more, the tip of the plough will wear, making it necessary to replace it periodically. When the burial 
machine is temporarily withdrawn for replacement, part of the cable will be exposed, but it can be 
buried using an ROV after the PLIB operation is partially conducted (as explained later). 

(3) Post-laying burial (Tow type burial) 

In the case of post-laying burial, the cable can easily be damaged because the burial machine has 
to track on the laid cable on the seabed. Therefore, extreme caution is necessary. The condition of 
the cable should be checked prior the start of the post-laying burial and if there are any kinks or 
areas of excess slack, the cable should be straightened in advance so that it can be in a condition 
suitable for burial. 

The Tow type burial machine is then installed in the scheduled location for burial from the 
mother ship which has already been fixed to a certain position. At this time, divers mount the cable 
onto the burial machine so that it can pass through the cable passage of the burial machine. 

After the installation of the burial machine has been completed, the work boat pulls the towing 
anchor several hundred meters in the direction in which the operation is to be conducted. 
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Seawater is sent to the burial machine via the pump, and afterwards, the mother ship is 
loosened from its fixed position and the leading anchor is wound up gradually using the winch. At 
this time, the winding speed should be appropriately adjusted by checking the burying conditions 
such as the depth and posture of the burial machine. 

When there is only a short length of wire remaining for the towing anchor, the anchor is pulled 
forward again. Figure 14.12 shows this operation. 

After this burial operation, divers bury the jointed part of the cable. This method is mainly used 
for the burial of the landing section. 

Pump Vessel Main Vessel 



Figure 14.12 Method of post-laying burial (example) 

(4) Post-laying inspection and burial (PLIB) 

For PLIB, normally a ROV (Remotely Operated Vehicle) is used to investigate the buried section 
of the cable, the burying position, burying depth and conditions such as whether the cable has been 
buried or not. If it is found that the cable has been unburied or the burying depth is not enough, 
then the burying function of the ROV is utilized to bury the cable and ascertain the condition of the 
burial. The position between PLIBs and the burying depth are recorded and used for equipment 
management of the TV camera. 

ROV is mainly used for the burial of the starting point of the main lay or the final splice point of 
the cable. 








CHAPTER 15 


SYSTEM COMPLETION AND ACCEPTANCE 


In general, the Technical Specifications as part of the Supply Contract for Optical Submarine 
Cable System / Network Construction contain description on "Acceptance" which specifies general 
requirements on testing for each of the test phases from design to system / network completion. 
This chapter describes typical requirements for testing under the Supply Contract with reference to 
some recent optical submarine cable systems / networks. 

15.1 GENERAL 

General requirements for system performance are specified at the time of signing of the Supply 
Contract. Accordingly, details on test items, test procedures and pass/fail criteria are agreed 
between the Purchaser(s) and the Supplier(s), keeping pace with the progress of the projected 
construction. For recent cable networks, with their complexity, huge transmission capacity and 
large scale, SDH (Synchronous Digital Hierarchy) based NPE (Network Protection Equipment), 
ADM (Add-Drop Multiplexer) and/or DXC (Digital Crossconnect Equipment) which are 
collectively called "SDH/Interconnection Equipment" or simply "SIE" are provided to each landing 
station for the purpose of organic interconnection of the multiple cable landing stations involved in 
the cable system / network construction. The typical test phases to be specified for testing of cable 
networks to which the SDH/Interconnection Equipment are provided are listed below and 
described in the following sections. It is noted that any equipment such as Power Feeding 
Equipment (PFE) and Line Terminating Equipment (LTU) to be installed in cable landing stations 
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are collectively called "Terminal Station Equipment" in this chapter. The test phases listed below 
are, unless otherwise specified, conducted under the responsibility of the Supplier(s). 

(1) Product Design Acceptance Testing 

(2) Factory Testing 

(3) Terminal Station Equipment & SDH/Interconnection Equipment In-Station Testing 

(4) Submersible Plant Assembly Testing 

(5) Loading and Laying Testing 

(6) Transmission Segment Testing 

(7) Transmission Segment Testing by Purchasers 

(8) Transmission Segment Confidence Trial 

(9) System/Network Integration Testing 

(10) System/Network Integration Testing by Purchasers 

(11) System/Network Confidence Trial 

The following sections provide descriptions specific to each of the above test phases. 

15.2 PRODUCT DESIGN ACCEPTANCE TESTING 

As submarine cable systems / network technologies for larger transmission capacity are rapidly 
progressing with the advent of optical amplifier technology, there is often the case that equipment 
design and qualification have not been fully completed at the time of the signing of Supply Contract 
and/or that design change is made to equipment after the signing of the Supply Contract. This test 
phase is therefore required to oblige the Supplier(s) to prove and ensure design / qualification 
verification. This test phase is generally carried out by auditing the design and qualification test 
results in the form of documentation or at the designing / manufacturing sites by the Purchaser(s) 
or its (their) representative(s). In addition to design audit, technical demonstration is required for 
cases where newly developed key technology and interconnection(s) among multiple Suppliers are 
applied. It is noted that, in some cases, technical demonstration is implemented as another 
contractual requirement separate from the test phases. 

15.3 FACTORY TESTING 

Factory Testing is the test phase to prove that all equipment comprising the system / network, 
namely the Cable, Repeater, Branching Unit, LTE, PFE, Management Controller (MC), and SIE fully 
meet the specifications prior to factory release. As a typical procedure for shipping from factory, a 
FRC (Factory Release Certificate) on a shipping basis is signed between the Supplier(s) and the 
representative of the Purchaser(s) once the test result is judged to be good by viewing the 
documentation or by demonstration of the tests at the witness of the Purchaser(s). 



System Completion and Acceptance 379 


15.4 TERMINAL STATION EQUIPMENT & SDH/INTERCONNECTION EQUIPMENT 
IN-STATION TESTING 

Terminal Station Equipment is hereinafter called "TSE" as a generic term of LTE, PFE, and MC 
but not including SIE. This test phase is programmed to actually confirm that each TSE and/or SIE 
installed in accordance with the station specific installation requirements maintains its original 
level of performance and functionality. Inter-work tests between MC and managed equipment 
(LTE, PFE) are also important in this test phase. In case that all or part of the TSE is planned to be 
used for testing during submersible plant laying, TSE In-Station testing needs to be completed prior 
to the commencement of the submersible plant laying. 

Dependent on the Supply Contract, interconnection testing focused on transmission 
performance and Automatic protection switching (APS) need to be conducted between LTE and 
SIE. As a final stage of this test phase, long term (within 7 days) transmission performance is 
generally tested on LTE and SIE separately or in the form of interconnection. 

As part of this test phase in general, land cables and power feed cables extended to the landing 
point are tested. Grounding cables with grounding system (grounding plate / rods) ,if included in 
the Supply Contract, are also tested. 

15.5 SUBMERSIBLE PLANT ASSEMBLY TESTING 

Submersible plant certified for factory release or shipped from the factory are assembled on a 
basis of laying at a site generally in the cable factory. This process is generally called SAT (System 
Assembly & Testing). Assembled submergible plant is electrically and optically tested on site to 
confirm and demonstrate its level of performance and functionality such as repeater supervision as 
part of the entire system. 

15.6 LOADING AND LAYING TESTING 

As testing subsequent to the above Section 15.5, tests are carried out to electrically and optically 
ensure the normality of the loaded or laid plant with the progress of the work during the loading 
and laying period in which the plant is subject to mechanical vibrations / shocks and changes of 
surroundings. For the testing, the plant is powered upon necessity. 

15.7 TRANSMISSION SEGMENT TESTING 

This is testing for the system which is commenced upon completion of the final splice during 
cable laying. SIE is generally out of the scope of this test phase. The major test categories are 
summarized below and followed by the subsequent descriptions. 

(1) Basic Characteristic Testing 
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(2) Power Handling Testing 

(3) Alarm Related Testing 

(4) Repeater Supervision Testing 

(5) End-to-End Transmission Testing 

(6) Others 

(1) Basic characteristic testing 

For the very basic electrical testing subsequent to the completion of cable laying, insulation 
resistance, capacitance, DC resistance (DC current/voltage characteristics) are measured on the 
Submerged Plant. Conventional OTDR measurement is in addition performed for the first 
repeater section. It is noted that capacitance measurement is often deleted because of the 
extremely low possibility of open fault in submergible plant. 

Then, the system is powered and characterized optically. In most cases, WDM optical 
submarine cable systems need optimization / adjustment to achieve the best transmission 
performance with uniformity among the signal wavelengths. Each signal wavelength, power 
level and Signal to Noise Ratio (S/N) for both sending and receiving signals are measured after 
the optimization / adjustment of parameters such as pre-emphasis, phase modulation 
(polarization scrambler), dispersion compensation, and receiver threshold point. 

It is noted that all the test items in this test phase are utilized as reference data for operation 
and maintenance of the system. 

(2) Power handling testing 

PFE operation requires safety and certainty in harmony with far-end PFE. The test items to 
be performed in this test phase are, based on detailed PFE operation manuals / procedures, 
normal power up/down, changeover between double end feeding and single end feeding, 
switchover between working equipment and stand-by equipment, super-imposition of 
electroding, and switching for earth return paths. 

Power reconfiguration testing on the assumptions of possible cable faults is also important 
for the system / network with Branching Unit(s) in which the power feed paths are switchable 
with PFE operations specifically required. 

(3) Alarm related testing 

Maintenance Controller (MC) is generally provided which has the functions of collecting, 
monitoring, displaying, analyzing, recording, and storing many pieces of information such as 
status and alarm indications captured at far-end station(s) as well as at its own station. As it is 
the interface with operation and maintenance staffs, the MC should be tested in combination 
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with controlled / supervised equipment. Furthermore, alarm indication testing in combination 
with station specific alarm concentrator, station buzzer / lamp testing should be performed in 
this test phase. 

(4) Repeater supervision testing 

As stated earlier, two types of repeater supervision methods are in use at the moment. One 
is the type for monitoring repeater input optical power, repeater output optical power, pump 
LD driving current(s) by command and response signals. In this type, electronic supervision ICs 
as well as related optical component are assembled in the repeater. 

Another type enables monitoring of supervision signals as loop-back gain in combination 
with optical loop-back circuits mounted in the repeater. Notwithstanding the supervision 
methods, it is of importance to demonstrate the repeater supervision functions and the 
normality of the submerged plant. The data captured in this test phase are all initial data to be 
referenced for operation and maintenance of the system / network. 

(5) End-to-end transmission testing 

The End-to-End Transmission Testing is defined as short-term stability check testing (a few 
hours or one night) and performed with the loads listed below to demonstrate no significant / 
unreasonable impairment in transmission performance. 

(a) Nominal power feeding current ± 2%. 

(b) Electroding in in-service mode (Low frequency AC superimposition onto nominal power 
feeding current). 

(c) Repeater supervision in in-service mode. 

(d) Clock signal variations. 

(6) Others 

In conjunction with test phases (2) to (4) above, Orderwire and data communication tests 
among related cable landing stations are necessarily required. 

15.8 TRANSMISSION SEGMENT TESTING BY PURCHASERS 

This is the test phase planned and conducted by the Purchaser(s) based on the Purchasers' 
standpoints and programmed for 1 or 2 weeks usually after the Transmission Segment Testing by 
the Supplier(s). Though it is specified as the Purchasers' right under the Supply Contract, this test 
phase is often skipped for the reason that the Transmission Segment Testing by the Supplier(s) fully 
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covers a variety of test items. 

15.9 TRANSMISSION SEGMENT CONFIDENCE TRIAL 

The Transmission Segment Confidence Trial is the most important test along with the 
Transmission Segment Testing described above in making a judgement on segment acceptance. 
This test is carried out by monitoring the error performance on the digital transmission segment for 
a continuous 2 or 3 week period. The error performance requirement makes reference to SESR 
(Severely Errored Second Ratio) and BBER (Background Block Error Ratio) standardized in ITU-T 
G.826 "Digital transmission systems-Digital networks-Quality and availability targets" as 
measurement parameters but is usually set to be practically more stringent than ITU-T standards. 

15.10 SYSTEM / NETWORK INTEGRATION TESTING 

Before this test phase, TSE/SIE In-Station Testing including integration test between LTE and 
SIE and the Transmission Segment Testing have been completed in good shape. The remaining are 
the overall tests to be carried out in complete configuration which integrates the Transmission 
Segment(s) into the SIE(s). In this test phase, the test items and pass/fail criteria suitable for 
adopted technologies, network configuration and equipment functionality must be carefully 
considered. A typical test example is introduced as follows. 

(1) System/Network synchronization. 

(2) Auto / manual protection switching. 

It is recommended that Orderwire, PBX and Data communication tests among related stations, 
circuit implementation and restoration tests be part of this test phase. 

15.11 SYSTEM / NETWORK INTEGRATION TESTING BY PURCHASERS 

Similar to the above Section 15.8, this is the test phase planned and conducted by the 
Purchaser(s) based on the Purchasers’ standpoints and programmed for 1 or 2 weeks usually after 
the System / Network Integration Testing by the Supplier(s). Though it is specified as the 
Purchasers' right under the Supply Contract, this test phase is often skipped for the reason that the 
Transmission Segment Testing by the Supplier(s) fully covers a variety of test items. 

15.12 SYSTEM / NETWORK CONFIDENCE TRIAL 

Section 15.9 describes the Transmission Segment Confidence Trial. This test phase is the error 
performance tests to be carried out for a continuous 2 or 3 weeks in the complete system / network 
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configuration between the points of demarcation to the back-haul equipment. The requirement on 
error performance is also set to be practically more stringent than the ITU-T G.826 standards. 

A PAC (Provisional Acceptance Certificate) is, depending on the Supply Contract, generally 
issued on successful completion of the System / Network Confidence Trial. The title of the system 
/ network is transferred to the Purchaser(s) and operation and maintenance of the system / 
network is vested on the Purchaser(s) at the issuance of the PAC. 

15.13 OTHER TESTS WITH BACK-HAUL EQUIPMENT 

The tests followed by the PAC issuance are the combination tests to be carried out by the 
Purchasers between the submarine cable system / network and back-haul equipment in which 
connectivity validation and error performance at the lower transmission rate such as 2 Mbps are 
programmed prior to the Ready for Service (RFS). 




CHAPTER 16 


AGREEMENTS OF CABLE OPERATION 

AND MAINTENANCE 


16.1 MAINTENANCE PROCEDURE 

16.1.1 COMMON CARRIER CABLE SYSTEM 

As described in Chapter 12, when a submarine cable project is commonly planned by a group of 
telecommunication carriers, capacity, procurement of funds, technology, system configuration, 
service date and so on are studied first, then more concrete items are discussed for realization of the 
construction of the cable. This study includes maintenance matters of the cable system after service 
commencement for smooth operation. When study results are agreed upon by the relevant carriers 
finally, C&MA (Construction and Maintenance Agreement) is concluded. 

This C&MA includes the following; 

(1) Signatory Parties 

Carriers who sign the Agreements, own and administrate the cable system together 

(2) Cable System Segments 

Segments of cable divided to clarify ownership and responsibility 

(3) Ready for Service Date (RFS Date) 

Scheduled date of service commencement 

(4) Duties and Rights 

Clause of duties and rights which Parties should have for the cable system 
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(5) Procurement Method of the System 

Description of the procurement method of the cable system of which Parties are 
responsible for construction 

(6) Ownership 

Ratio of ownership for each Party to the cable system 

(7) Maintenance Authority (MA) 

Definition of Party responsible for maintenance of the cable system 

(8) Allocation of Construction, Operation and Maintenance Cost 

Description of relationship between ownership and allocated cost to the owners 

(9) Billing and Payment 

Description of billing and payment schedule, currency, penalty of delay 

(10) Duration of Agreement 

Definition of valid time of the Agreement 

Following C&MA, the cable project progresses under the control of a Managing Committee 
(MC) which is organized by the Parties. The MC is an organization with the highest decision 
making powers and can establish several subcommittees under it to manage system procurement, 
project cost, technical matters, circuit assignment, billing and payment, operation and maintenance 
matters and so on. Normally, an Operation and Maintenance Subcommittee or Maintenance 
Working Group (O&MSC or MWG) is organized under the MC to handle cable maintenance 
matters, and Maintenance Authorities who are cable landing Parties generally act as main Parties in 
the subcommittee or working group. 

In the meeting, the following items are studied and decided; 

(1) quantity of spare submergible plant and spare cards/panels of terminal equipment 

(2) storage location of spare plants and cards/panels 

(3) arrangement of cable maintenance ship 

(4) philosophy of cable repair 

(5) liaison procedure of cable repair or terminal equipment repair 

(6) power feeding procedure or power reconfiguration procedure 

(7) in-service periodic measurement items 

(8) designation and contact point of Maintenance Liaison Officer (MLO) and Power Feeding 
Officer 

The above matters are described in the Maintenance Document (MD) together with the final 
measurement data of the cable system, and the MD is distributed to each landing station and MA. 
When the cable system is damaged, relevant landing stations judge the faulty section of the system 
from the aspects of alarm conditions, power feeding data, measurement data of fault localization 
equipment and all original data in the MD. 
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In case of terminal equipment failure, a faulty card or panel is replaced with a spare one by a 
member of station personnel, and sent to the supplier for repair. On the other hand, if the fault is in 
the submerged section, a relevant MA has to notify fault condition such as location, water depth, 
cable type, etc to the cable ship operator of the maintenance zone. 

Then, the repair method, procedure, spare plants to be loaded, communication procedure 
during repair and test items are decided in discussion among the MA(s) and the ship operator 
according to MD. After repair completed. Straight Line Diagram (SLD) and system data are revised 
and renewed in the MD. 

16.1.2 PRIVATE CABLE SYSTEM 

In the private cable system, the private company which would like to plan and proceed the cable 
project has a decision making power of a basic maintenance method as well as cable procurement 
method. The private company can be the landing party if the company gets a telecommunication 
carrier license for that country. But, if not, some licensed carrier of the country is committed as the 
landing party. In that case, maintenance of terminal equipment is also committed to the party. On 
the other hand, in many cases, repair of the submerged section is carried out by the ship which is 
contracted privately by the company, however, there is a case that a cable is maintained by the 
maintenance zone ship by means of inclusion to the zone. In any case, the basic agreement, the 
same as for common carrier cable systems, is concluded between the company and the entrusted 
party of maintenance. 

16.1.3 MAINTENANCE ACTIVITY 

It is important to measure system performance periodically for the purpose of obtaining 
information concerning whether the system is normal or degraded. When some degradation is 
discovered in the measurement data, it is possible to take an appropriate action such as a planned 
repair before system shows malfunction. The frequency of periodic measurement is determined as a 
result of discussion among MAs, but normally it is frequent in the warranty period after service 
commencement to confirm whether initial faults exist or not. Frequency can be reduced in cases 
where the system is steady. 

When some agreement item shall be changed because of rationalization of maintenance work, 
MAs can decide it if there is no cost. However, if it requires some amount of cost, consent of the 
Management Committee is essential in case of common carrier cables. This procedure can be made 
by correspondence instead of a meeting because MC meetings after service commencement are not 
held frequently. Therefore, it is recommended to have a MAs meeting periodically to check the 
system performance or to deal with problems in maintenance work. 

Another important activity for the MA is to advertise cable protection to fishery unions, 
maritime agencies or local governments. Because the main reason for cable faults is fishing activity 
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or the anchoring of ships, it is very important to have understanding from fishermen and ship 
operators, therefore, continuous notification is recommended. Actually, it is valid to provide a 
precise cable chart which shows the cable route around the landing point, fishing area, sea-lane or 
anchoring area. In addition to this local activity, there is international activity through ICPC 
(International Cable Protection Committee) activity. ICPC consists of a group of cable owners 
throughout the world, and works toward cable protection through activities such as changing 
information of cable fault conditions and useful protection methods, introduction of the latest 
protection technology and promoting digital charts. ICPC meetings are held every year. 

16.2 CABLE SHIP MAINTENANCE AGREEMENT 

16.2.1 DUTY OF CABLE SHIP OPERATOR 

When a cable fault occurs in a submerged section, a cable maintenance ship is requested to make 
repair immediately. Therefore, a cable ship operator is requested to keep the ship in good condition 
and have it available to sail at anytime. This means that onboard members like officers, crews, cable 
handling members, cable jointers and technical officers have to be onboard within a day of 
receiving request, and furthermore, each item of equipment and repair technology shall be 
maintained properly and improved regularly. Especially cable jointing technology is important. 
Universal Jointing (UJ) is a common technology which has developed for the joint of any type of 
cables in the world, and only qualified jointers can handle this UJ technology. Therefore, each cable 
ship operator trains jointers periodically so that they can joint any type of cables onboard at 
anytime. In addition, cable ship operators are requested to make efforts to improve their repair 
skills by regularly conducting sea trials modeling actual cable repair. 

When a cable ship is requested to mate repair, it has to load spare cables, repeaters and jointing 
boxes (UJ kits) immediately. Therefore, such spare plants and UJ tools/kits are stored properly in 
the cable depot by the ship operator or MA. On the other hand, since the ship operator has to 
propose a method of procedures to MAs in any cable fault condition, it is important to study and 
prepare basic repair procedures for typical cases. This prior study, preparation and training make 
emergency repair smooth. 

16.2.2 ZONE MAINTENANCE AGREEMENT 

Having a cable maintenance ship solely for one cable system is too expensive. Therefore, MAs of 
each cable system have decided to establish a maintenance zone in which plural cable systems bear 
cable ship's cost jointly. Each ocean is divided into several zones geographically and each zone has 
at least one cable maintenance ship. Therefore, some cables are maintained in one zone, but others 
are maintained in several zones when the cable crosses over another zone. In the Pacific and Indian 
Ocean region, five zones exist, that is, the Yokohama Zone in which the base ports are Yokohama, 
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Pusan and Shanghai, the North America Zone in which the base port is Portland, the Hawaii Zone 
in which the base port is Honolulu, the Fiji Zone in which the base port is Fiji and the SEAIOCMA 
Zone in which the base ports are Manila, Singapore and Cochin. The Yokohama zone has two cable 
ships in accordance with the Agreement although it has three cable ships in the zone. The KDD 
OCEAN LINK is an original zone ship, and two more cable ships, SEGERO and Fu Lai were added 
later, however these two ships are deemed as one ship by the arrangement that each ship is 
engaged in maintenance work every half year. The North America, Hawaii and Fiji zones have one 
ship arrangements, and the SEAIOCMA zone has a three ship arrangement. Figure 16.1 shows zone 
ship arrangement in the Pacific Ocean region. 



Figure 16.1 Zone Ship Arrangement in the Pacific Region 


Each zone has its own Zone Maintenance Agreement on the use of cable ships. The Agreement is 
signed by each MA of the cable system in the zone and ship operator(s). The content is not 
necessarily the same but contains the following items, 

(1) standing charge and running cost of the zone ship 

(2) cost sharing method by each cable 

(3) shared cost in each cable 

(4) repair priority in each cable 
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(5) procedure for dispatch of cable ship 

(6) duties and rights of MAs 

(7) duties and rights of cable ship operator 

(8) base port 

(9) inclusion and removal method of cables 

(10) mutual assistance method 

(11) billing arrangements 

(12) period of the Agreement 

Based on the Agreement, each zone has a regular meeting every year to decide the work 
schedule and cost issues of the zone ship. In the meeting, some important issues related with 
amendments of the Agreement have to be unanimously agreed. When it is amended, the new 
Agreement is signed and issued. In addition to above cable ship agreement, the use of an ROV 
(Remotely Operated Vehicle) is also agreed in the same way. The ROV is mainly used in shallow 
sections, especially buried sections or areas of cable congestion, therefore, cost allocation method is 
different from that of the ship. Recently, since cable failure has occurred many times in buried 
sections, due to the improvement of fishing technology, role of ROV becomes more important. 

When many cable failures occur at the same time in the zone, or when a zone ship is engaged in 
construction work on a cable failure, the zone can ask the adjacent zone for assistance in repairing 
cables. In the Pacific and Indian Ocean region, there is an Agreement which defines such mutual 
assistance between zones, namely, the PIOCMA (Pacific & Indian Ocean Cable Maintenance 
Agreement). The PIOCMA also has annual meeting to exchange information on the cable ships and 
ROV schedules, cost etc., of each zone. 

The cable maintenance zones in other ocean regions are as follows, 

(1) ACMA (Atlantic Cable Maintenance Agreement) zone in the Atlantic Ocean Six cable ships 
are in place in North America, UK, France, Spain and Bermuda. 

(2) MECMA (Mediterranean Cable Maintenance Agreement) zone in the Mediterranean, Black 
and Red Seas 

Three cable ships are in place in France, Spain and Italy. 

(3) North Sea Zone in the North Sea. 

Two cable ships are in place in the UK and Denmark. 
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Table 16.1 shows cable ship lists in each zone. 

16.2.3 PRIVATE CABLE MAINTENANCE ARRANGEMENT 


Recently, private cable systems are increasing in line with growing traffic demand due to the 
advance of the Internet. The main feature of private cable system is to be able to make speedy 
decisions on planning, construction and maintenance. Normally, private cables are maintained by 
private ships, not zone ships, except for special cases. NPC is the first private cable in the Pacific 
Ocean area, linking north America, Alaska and Japan, which is maintained by Sea Spread and 
Subaru. FLAG is the second private cable in the area linking Asia and Europe, however, it is 
maintained in the normal zone. PC-1 linking America and Japan is maintained by Wave Mercury. In 
other Ocean areas, similar arrangements is carried out. Table 16.1 also shows private zone ships in 
the world. 

Further private cables are in the planning stage or under construction, and most cables will have 
private zone ships or share ships with other private cables. Therefore, there may be rearrangement 
between existing maintenance zones and private zones in the near future. 


Table 16.1 List of cableships for maintenance 


1) Cableships in the Maintenance Zones 


Name of Ship 

Gross Tonnage 

Operator 

Base Port 

Zone Coverage 

KDD Ocean Link 

9,600 

KCS 

Yokohama, Japan 

Yokohama Zone 

FU LAI 

5,662 

SBSS 

Wujin, China 

SEGERO 

8,100 

KST 

Pusan, Korea 

Lonq Lines 

11,326 

TCSC 

Hawaii, USA 

Hawaii Zone 

Global Sentinel 

13,201 

TCSC 

Portland, USA 

North America Zone 

Pacific Guardian 

6,133 

GMSL 

Suva, Fiji 

Fiji Zone 

Cable Retriever 

11,156 

GMSL 

Batanqas, Philippine 

SEAIOCMA (South East Asia and Indian Ocean 
Cable Maintenance Agreement) Zone 

Asean Restorer 

11,156 

ACPL 

Senbawang, Singapore 

Iris 

3,795 

IOCPL 

Cochin, India 

Leon Thevenin 

5,887 

FT Marine 

Brest, France 

ACMA (Atlantic Cable Maintenance 

Agreement) Zone 

Sir Eric Sharp 

6,141 

GMSL 

Hamilton, Bermuda 

Sovereign 

1,766 

GMSL 

Portland, UK 

Wave Sentinel 

Approx. 10,000 

GMSL 

Baltimore, USA 

Olympic Princess 


Schahin 

Recife, Brazil 

Monarch 

3,795 

GMSL 

Southampton, UK 

North Sea Zone 

Peter Faber 

2,309 

TeleDenmark Marine 

Korsoer, Denmark 

Raymond Croze 

5,887 

FT Marine 

Marseille, France 

MECMA (Mediterranean Cable Maintenance 
Agreement) Zone 

BC Teneo 

3,051 

TCSC 

Valencia, Spain 

Teliri 

8,345 

Elettra 

Catania, Italy 


2) Cabieships for Private Maintenance Arrangement 


Name of Ship 

Gross Tonnage 

Operator 

Base Port 

Coverage 

KDD Pacific Link 

7,764 

KCS 

Moji, Japan 

Japan Domestic 

Subaru 

9,557 

NTT We Marine 

Yokohama, Japan 

Japan Domestic and NPC 

Kuroshio Maru 

3,345 

NTT We Marine 

Nagasaki, Japan 

Japan Domestic 

Wave Mercury 

10,105 

NTT We Marine 

Kobe, Japan 

PC-1 

SeaSpread 

7,114 

GMSL 

Victoria, Canada 

NPC 

Umm Al-Anber 

9,800 

E Marine 

Abu Dhabi, UAE 

Arabian Gulf, Gulf of Oman and 

Western Indian Ocean 

Etisalat 

2,221 

E Marine 

Abu Dhabi, UAE 

Atlantida 

7,374 

TCSC 

Vigo, Spain 

Seahorse Atlantic 

Global Link 

13,413 

TCSC 

Baltimore, USA 

Global Mariner 

12,719 

TCSC 

UK 

Charles L. Brown 

2,830 

TCSC 

Callao, Peru 

Pan Am Cable 

Wave Alert 

Approx.10,000 

GMSL 

Recife, Brazil 


PLDT 

1,336 

NTT We Marine 

Philippine 

Philippine Domestic 
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Appendix I Chronological Table of Submarine Cable Systems 


NM=Nautical Mile ; 1NM=1,852m 


1845 

World's first commercial telegraph communication using MORSE code commenced 
between Washington, D.C. and Baltimore, l).S.A.(U.SA) 

1851 

Telegraph cable laid across Dover channel between Dover, U.K. and Calais, France, 
and world's first international commercial telegraph communication via submarine 
cable commenced.(U.K.) 

1858 

World's first transoceanic(transatlantic) telegraph cable laid. The cable worked for 

77 days.(U.K.) 

1866 

Full-fledged transatlantic telegraph cable laid:(U.K.) 

1870 

Telegraph cable laid : U.K.-lndia-Singapore.(U.K.) 

1871 

Telegraph cable laid : Singapore-Saigon-Hong Kong.(U.K.) 

Telegraph cable laid : Hong Kong-Shanghai-Nagasaki-Vladivostock.(GNTC, 

Denmark) 

1900 

Telegraph cable laid : Borkum-Azores Is.-New York.(Germany) 

1902 

Round the world telegraph cable of U.K. "All Red Route"completed.(U.K.) 

1903 

Telegraph cable laid : San Francisco-Hawaii-Guam-Manila.(U.S.A.) 

1906 

Telegraph cable laid : Tokyo-Guam. (U.S.A., Japan) 

Telegraph cable laid : Manila-Shanghai. (U.S.A., Japan) 

1921 

Continuously loaded deep-sea type telephone cable laid : Key West,U.S.A.-Havana, 
Cuba.(U.SA) 

1924 

Continuously loaded transatlantic cable laid.(U.SA) 

1931 

Coaxial type PG-insulated telephone cable laid : Key West,U.S.A.-Havana,Cuba 
(U.S.A.) 

1939 

First polyethylen submarine telephone cable produced. (U.K.) 

1943 

World's first rigid repeatered single coaxial cable type 48 channel system laid : 
Anglesey-Man Island. (U.K.) 

1950 

Rigid repeatered single coaxial cable type 60 channel shallow water system laid : 
Aldeburgh, U.K.-Domburg, Netherlands.(83NM) (U.K.) 

First flexible repeatered twin coaxial cable type 24 channel deep sea system (USA 

SA system, 129NM) laid : Key West, U.S.A.-Havana, Cuba. (U.S.A.) 

1956 

World's first transatlantic flexible repeatered twin coaxial cable type 48 channel 
system (TAT-1/USA SB system, 1,945NM) laid : U.K.-Canada. (U.S.A.) 

First trial of lightweight cable. (U.K.) 

1957 

HAW-1 (USA SB system, 2,210NM) laid : U.S.mainland-Hawaii. (U.S.A.) 

First transmediterranean semi-flexible repeatered single coaxial cable type 60 
channel deep-sea system laid : Marseiles, France-Algiers(477NM) (France) 

1958 

Rigid repeatered single coaxial cable type 120 channel shallow water system laid : 
Canterbury, U.K.-Ostend, Belgium.(82NM) (U.K.) 

1959 

TAT-2(USA SB system, 2.269NM) laid : Canada-France. (U.S.A.) 
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1961 

First transatlantic single lightweight cable type 80 channel system(CANTAT-1/UK 

0.6MHz system, 2,473NM) laid : U.K.-Canada. (U.K.) 

1962 

Rigid repeatered single coaxial cable type 24 channel system(SCOTICE, 692NM) 
laid : U.K.-lceland. (U.K.) 

Rigid repeatered single coaxial cable type 18 channel system(ICECAN/Z-18-S 
system) laid : Iceland-Canada. (Germany) 

1963 

Rigid repeatered single armorless deep-sea cable type 138 channel system(USA 

SD system, 834NM) laid : Florida, U.S.A.-Jamaica, Cuba. (U.S.A.) 

TAT-3(USA SD system, 3.518NM) laid : U.S.A.-U.K. (U.S.A.) 

COMPAC (UK 0.6MHz system, 8.233NM) laid : Canada-Australia. (U.K.) 

1964 

TPC-1(USA SD system, 5.282NM) laid : Ninimiya, Japan-Hawaii, U.S.A. (U.S.A.) 
HAW-2(USA SD system, 2.383NM) laid : U.S.mainland-Hawaii, U.S.A. (U.S.A.) 
Guam-Philippines cable(USA SD system, 1,489NM) laid : (U.S.A.) 

1965 

SEACOM-1(UK 0.6MHz system, 1„977NM) laid : Singapore-Hong Kong. (U.K.) 

First application of rigid repeatered single lightweight cable type 160 channel 
system (PENCAN-1/UK NA system, 745NM) laid : Spanish mainland-Canary 
lslands.(U.K.) 

TAT-4(USA SD system, 3,599NM) laid : U.S.A.-France. (U.S.A.) 

1966 

SEACOM-1(UK 0.6MHz system, 2.062NM) laid : Hong Kong-Guam, U.S.A. (U.K.) 

1967 

SEACOM-2(UK NA system, 3.005NM) laid : Guam, U.S.A.-Cairns, Australia. (U.K.) 

First transistorzed rigid repeatered single lightweight cable type 640 channel 
system (UK NC system, 79NM) laid : Kristiansand, Norway-Thisted, Denmark. 

(U.K.) 

1968 

First application of transistorzed rigid repeatered single armorless cable type 845 
channel system (USA SF system, 1,321NM) laid : St.Thomas-Florida, U.S.A. 

(U.S.A.) 

1969 

Rigid repeatered single single lightweight cable type 360 channel system(SAT- 
1/STC 3MHz system, 5,878NM) laid : Portugal-South Africa. (U.K.) 

Transistorized rigid repeater single armorless cable type 120 channel 
system(JASC/Z-120-S system, 477NM) laid : Naoetsu, Japan-Nakhodka, U.S.S.R. 
(Germany) 

Rigid repeatered single single armorless cable type 900 channel system(NTT CS- 
10M system, 21 NM) buried : Mori-Muroran. (Japan) 

1970 

TAT-5(USA SF system, 3,461 NM) laid : U.S.A.-Spain. (U.S.A.) 

First application of transistorized rigid repeater single lightweight cable type 160 
channel system (French S-1 system, 1,836NM) laid : France-Lebanon. (France) 

Optical-fiber transmission loss of 20dB/km achieved. (U.S.A.) 
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1971 

Transistorized rigid repeater single armorless cable type 2,700 channel system(NTT 
CS-36M system, 17NM) buried : Kure-Matsuyama. (Japan) 

First application of transistorized rigid repeater single lightweight cable type 1,840 
channel system (UK NE system, 738NM) to PENCAN-2(mainland-Canary Is., 

Spain). (U.K.) 

1973 

BRACAN(UK NA system, 2.634NM) laid : Brazil-Canary Islands, Spain. (U.K.) 

First application of transistorized rigid repeater single lightweight cable 640 channel 
system (French S-5 system, 1,035NM) to France-Morocco No.2 cable. (France) 

1974 

CANTAT-2(UK NE system, 2.480NM) laid : U.K.-Canada. (U.K.) 

HAW-3(USA SF system, 2.379NM) laid : U.S. mainland-Hawaii. (U.S.A.) 

1975 

German-Sweden No.2 cable (F/J-13M system, 113NM) laid : (Japan) 

World's first TV transmission submarine cable (NTT CS-36M-D2 system, 194NM) 
laid : Okinawa-Miyakojima Island, Japan. (Japan) 

TPC-1(USA SF system, 5,030NM) laid : Okinawa, Japan-Hawaii, U.S.A. (U.S.A.) 

1976 

TASMAN(UK NC system, 1.190NM) laid : New Zealand-Australia. (U.K.) 

First application of transistorized rigid repeater single lightweight cable type 3,440 
channel system (French S-25 system, 371NM) to MARPAL(France-ltaly). (France) 

First application of transistorized rigid repeater single armorless cable type 4,000 
channel system (USA SG system, 3,379NM) to TAT-6(U.S.A.-France). (U.S.A.) 

First application of transistorized rigid repeater single armorless cable type 

480/640 channel system (KDD CS-5M system, 473NM) to ECSC(Japan-China). 

(Japan) 

1977 

First application of (NTT CS-36M-D1 system, 463NM) to Miyazaki-Okinawa cable, 

Japan. (Japan) 

First application of transistorized rigid repeater single armorless cable type 1600 
channel system (KDD CS-12M system, 722NM) to OLUHO-1 (Okinawa,Japan- 
Luzon, Philippines). (Japan) 

COLUMBUS(UK NE system, 3.240NM) laid : Canary Islands, Spain-Venezuela. 

(U.K.) 

First application of transistorized rigid repeater single lightweight cable type 3,600 
channel system (UK NG system, 250NM) to Rome-Sicily, Italy. (U.K.) 

ANTINEA(French S-5 system, 1.464NM) laid : Morocco-Senegal. (France) 

1978 

ASEAN P-S(UK NE system, 1.426NM) laid : Philippines-Singapore. (U.K.) 

FRATELNITE(French S-5 system, 1.415NM) laid : Senegal-Ivory Coast. (France) 
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PENCAN-3(UK NG system, 743NM) laid : Spanish mainland-Canary Island. (U.K.) 
AMITIE(French S-25 system, 825NM) laid : France-Morocco. (France) 


1979 

OKITAI(KDD CS-5M system, 367NM) laid : Okinawa, Japan-Taiwan. (Japan) 

BARGENfUK NG system, 389NM) laid : Spain-ltaly. (U.K.) 

AMITIE(French S-25 system, 802NM) laid : Portugal-France. (France) 

1980 

TAILU(UK NC system, 553NM) laid : Philippines-Taiwan. (U.K.) 

ASEAN l-S(KDD CS-5M system, 540NM) laid : Indonesia-Singapore. (Japan) 

Japan-Korea cable(NTT CS-36M-DR system, 153NM) laid : (Japan) 

Experimental optical-fiber submarine cable of 10km was laid : (U.K.) 

1981 

TAIGU(USA SF system, 1.700NM) laid : Guam-Taiwan. (U.S.A.) 

IOCOM(UK NG system, 1.349NM) laid : India-Malaysia. (U.K.) 

1982 

Deep-sea trials of optical fiber submarine cable systems including repeaters were 
conducted. 

1983 

ASEAN MST-1(KDD CS-5M system, 550NM) laid : Singapore-Malaysia-Thailand. 

(Japan) 

ASEAN MST-2(KDD CS-12M system, 367NM) laid : Petchaburi-Songkla, Thailand. 
(Japan) 

MENANG(CS-5M system, 300km) laid : Medan-Penang, Malaysia. (Japan) 

TAT-7(SG system, 6,680km) laid : U.S.A.-U.K. 

NETHERLAND-DEMARK-4(324km) laid. 

DAIDON(896km) laid: France-Tunisia 

1984 

C.S.Koyo-Maru built. (1,295ton) 

First application of optical submarine cable system(NTT FS-400M/1.3pm, non- 
repeatered) laid to Aomori-Hakodate(39km), Japan. 

MERIDIAN (1,352km) laid : France-Belgium. 

OKINAWA cable(KDD CS-12M system, 1,724km) laid : Ninomiya-Okinawa. (Japan) 

1985 

SEA-ME-WE(639km) cable laid : Singapore-Medan(lndonesia). 

1986 

SEA-ME-WE(12,736km) cable laid : Medan(lndonesia)-Marseilles(France). 

First application of optical submarine cable system(NTT FS-400M/1.3pm, 
repeatered) to Hachinohe-Tomakomai(280km), Japan. 

ASEAN S-H-T(4,269km) laid : Taiwan-HongKong-Singapore. 

World's first international optical submarine cable system, UK-BELGIUM-5(NL-2 
system, 130km) laid : U.K.-Belgium. 

Miyazaki-Okinawa(NTT FS-400M, 1.3pm, 793km) laid. 

1987 

INDIA-UAE(14MHz, 1,960km) laid : Bombay-Fujairah. 

PAKISTAN-UAE(CS-12M, 1,185km) laid : Karachi-Fujairah. 
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1988 

World's first application of 1.5|im optical submarine cable(non-repeatered) system 
to Matsuyama-Oita. 

World's first transatlantic optical submarine cable TAT-8(SL-280/NL-2/S-280, 

6,680km) laid : U.S.A.-U.K.-France. 

1989 

TPC-3(3R, KDD OS-280M/AT&T SL-280, 9,075km) laid : Chikura-Guam-Hawaii. 

HAW-4(3R, SL-280, 4,160km) laid : Hawaii-U.S. mainland. 

Chikura cable(3R, KDD OS-280M, 195km) laid : Chikura-Ninomiya. 

G-P-T(3R, SL-280, 3,748km) laid : Guam-Philippine-Taiwan. 

PTAT-1(3R, 420M, 7,400km) laid. 

1990 

World's first application of 1.5^m optical submarine cable(repeatered) system to 
Hamada-Fukuoka (NTT FS-1.8G/1.5[xm, reperaterred, 256km/Japan) laid. 

H-J-K(3R, KDD OS-280M/AT&T SL-280, 4,565km) laid : Chikura-Chejudo- 
HongKong. 

EMOS-1(3R, 280M, 2,478km) laid : Palermo,Italy-Lechaina, Greece-Marmaris, 
Turkey-TelAviv, Israel. 

TCS-1(3R, 280M, 3,890km) laid : West Palm Beach, U.S.A.-San Juan, Puerto 

Rico-Santo Domingo, Dominica. 

HONTAI-2(3R, 420M, 418km) laid : Cape D'Aguilar, Hong Kong-Fangshan (Taiwan). 

TPC-1, the first transpacific co-axial cable system, retired. 

1991 

NPC(3R, 420M, 8,380km) laid : Miura, Japan-Pacific City, Oregon, U.S.A.-Seward, 
Alaska, U.S.A. 

TAGIDE-2(3R, 560M, 1,480km) laid : Bounemouth, U.K.-Penmarch, France- 
Sesimbra, Portugal. 

AOFSCN B-S( 3R, 560M, 1,500km) laid : Tungku, Brnei Darussalam-Tanjung Aru, 
Malaysia-Batangas, 

MAT-2(3R, 560M, 1,738km) laid : Parelmo, Itary-Palma, Mallorca Island-Estepona, 

Spain. 

UK-GERMANY-5(3R, 1.8G, 161km) laid : Winterton, U.K.-Norden, Germany. 

Niigata-Sapporo(3R, 1.8G, 890km) laid : (NTT/Japan) 

1992 

TASMAN-2(3R, 560M, 2,200km) laid : Australia-N.Z. 

TPC-4(3R, 560M, 9,850km) laid : Chikura, Japan-Port Alberni, Canada-Point Arena, 
U.S.A. 

TAT-9(3R, 560M, 8,500km) laid : Manahawkin, U.S.A.-Nova Scotia, Canada- 
Goonhilly, U.K.-St.Hilaire, France-Conil, Spain. 

TAT-10(3R, 560M, 7,205km) laid : Green Hill, U.S.A.-Norden, Germany-Alkaar, 
Netherlands. 

AOFSCN B-M-P(3R, 560M, 1,500km) Tungku, Brnei Darussalam-Tanjung Aru, 
Malaysia-Songkhla, Thailand. 













400 


Appendix I 



PENCAN-5(3R, 560M, 1,323km) laid : Chipiona, Spain-GranCanaria Is., Canary ls.- 
Tenerife Is., Canary Is. 

EUROAFRICA(3R, 560M, 2,776km) laid : St.Hilaire, France-Sesimbra, Portugal- 
Casablanca, Morocco. 

1993 

PACRIM-East(3R, 560M, 7,700km) laid : N.Z.-Hawaii, U.S.A. 

HAW-5(3R, 560M, 4,400km) laid : Hawaii-SanLuisObispo, U.S.A. 

TAT-11(3R, 560M, 7,200km) laid : Tuckerton, U.S.A.-LymeBay, U.K.-St.Hilaire, 

France. 

APC(3R, 560M, 7,500km) laid : Miura, Japan-Miyazaki, Japan-Touchang, Taiwan 

CJ FOSC(3R, 560M, 1,250km) laid : Miyazaki, Japan-Shanghai, China. 

SAT-2(3R,560M, 8,254km) laid : Melkbostland, South Africa-Gran Canaria Is., 

Canary Is.-Funchal, Madeila Is. 

Matsuyama-Oita(3R, 600M, 70km) laid : (NTT/Japan) 

Chikura-Miyazaki(3R, 1.8G, 1,060km) laid : (KDD/Japan) 

1994 

SEA-ME-WE-2(3R, 560M, 5,000km) laid : Singapore-Jakarta-Colombo-Bombay- 

Djibouti-Jeddah-Suez-Alexandria-Parelmo-Bizerte-Algiers-Marseilles- 

Pentaskhinos-Marmaris. 

AMERICAS-1(3R, 560M&2.5G, 7,597km) laid : VeroBeach, U.S.A.-Fortaleza, Brazil- 
Port of Spain, Trinidad-Camuri, Venezuela. 

CANTAT-3(3R, 2.5G, 7,500km) laid : Pennant Point, Canada-Vestmannaeyjar, 
Iceland-Tornuvik, Faroe Islands-Sylt, Germany-Blaabjerg, Denmark-Redcar, U.K. 

COLUMBUS-2(3R, 560M&2.5G, 12,188km) laid. 

Hiroshima-Matsuyama(3R, 600M, 40km) laid : (NTT/Japan) 

1995 

PACRIM-West(3R, 560M, 7,500km) laid : Australia-Guam. 

R-J-K(3R, 560M, 1,760km) laid : Naoetsu, Japan-Pusan, Korea-Nakhodka, Russia. 

RIOJA(2.5G, 1,891km) laid : Spain-UK-Belgium-Netherlands. 

FSA Kagoshima-Naha(OA, 905km) laid : (NTT/Japan) 

1996 

TPC-5CN(OA, 5G, 24,500km) laid : Ninomiya, Japan-Miyazaki, Japan-Guam, 
U.S.A.-Hawaii, U.S.A.-Bandon, U.S.A.-SanLuisObispo, U.S.A. 

TAT-12/13(OA, 5G, 12,896km) laid : Greenhill, U.S.A.-Lands End, U.K.-Penmarch, 
France-Mastic Beach, U.S.A. 

ITUR(3R, 560M, 3,466km) laid : Italy-Turkey-Ukraine-Russia. 

T-V-H(3R, 560M, 3,373km) laid : Thailand-Vietnum-HongKong 

China-Korea Cable(3R, 560M, 1,252km) laid. 

1997 

APCN(OA, 5G, 11,852km) laid : Miyazaki, Japan-Pusan, Korea-Lantau, HongKong- 
Batangas, Philippines-Touchang, Taiwan-Petchaburi, Thailand-Mersing, Malaysia- 
Changi, Singapore-Jakarta, Indonesia. 
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FLAG(OA, 5G, 28,000km) laid : Portchurno-Estepona-Parelmo-Alexandria- 
Fujairah-Bombay-Penang-Satun-Lantau Island-Shanghai-Koeje-Miura. 

GEMINI-1(WDM, 2.5G, 6,260km) laid : (South) 


MOC(OA, 5G, 1,130km) laid : Miyazaki-Okinawa. (KDD/Japan) 


1999 

ATLANTIC CROSSING-1 (WDM,10G, OA) laid. 

JIH(WDM, OA, 10,900km) laid : Ishikari-Sendai-lbaraki-Chikura-Ninomiya- 
Toyohashi-Shima-Kouchi-Miyazaki-Okinawa-Fukuoka-Hamada-Kumihama- 
Matsutou-Naoetsu-Niigata-Akita. (KDD/Japan) 

AMERICAS-2 (2.5G, 8,300km) laid. 

ATLANTIS-2(2.5G, 12,000km) laid. 

China-US CN(WDM, 2.5G, 30,000km, Northern Route) laid. 

SEA-MEA-WE-3 (WDM, 2.5G, 38,000km) laid : Japan-Korea-China-Taiwam- 
HongKong-Macau-Philippines-Vietnam-Brunei-Cambodia-Malaysia-Singapore- 
Indonesia-Australia, France-UK-Belgium-Germany, Singapore-Indonesia-Malaysia- 
Thailand-Myanmar-Srilanka-India, India-Pakistan-Oman, UAE-Oman-Djibouti- 
Saudiarabia-Egypt-Cyprus-Turkey-Greece-ltaly-Morocco-Portugal-France-UK- 
Belgium-Germany 

COLUMBUS-3(OA, 5G, 10,000km) laid : Florida,USA-St.Croix-theAzores-Lisbon- 
Spain-ltaly 

GEMINI-2(WDM, 2.5G, 5,855km) laid : (North) 

MID-ATLANTIC CROSSING(2.5G, 6,810km) laid : Bermuda-Caribbean-Florida- 
NewYork 

PANAMERICAN(2.5G, 7,000km) laid : Chilie-Peru-Equador-Panama-Colombia- 
Venezuera-Aruba-Netherlands Antilles-U.S.Virgin Islands 

GUAM-PHILIPPINES(OA, 5G, 3,600km) laid. 

2000 

PC-1 (WDM, OA, 20,898km) laid : Ajigaura, Japan-Shima, Japan-Norma Beach, 
Washington, U.S.A.-ToroCreek, California, U.S.A. 

FSA-WDM kagoshima-Naha (WDM, 10G, 905km, upgrade, NTT/Japan) 

Black Sea Fiberoptic Cable System(3R, 2.5G&560M, 2,280km) laid. 

FLAG Atlantic 1(WDM, 10G, 5,900km) laid : NewYork, US-France. 

PAN AMERICAN CROSSING-1 (OA, 5G, 8,900km) laid. 

TAT-14(WDM, 10G,15,000km) laid. 

SOUTHERN CROSS(WDM, 2.5G, 28,912km) laid : Hawaii-USA, MID-Hawaii, Fiji- 
Australia, NewZealand-Hawaii, Hawaii-Australia. 
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2001 JAPAN-US CABLE NETWORK(WDM, 10G, 21,000m): Kitaibaraki, japan- 
(Planned) Maruyama,Japan-Shima South,Japan-Hawaii-Morro Bay, US-Manchester, US 

APCN 2 (WDM, 10G, 19,200km): Katong, Singapore-Shantou, China-Batangas, 
Philippines-Tanshui, Taiwan-Chikura, Japan-Kitaibaraki, Japan-Pusan, Korea- 
Chongming, China-Lantau, HongKong-Kuantan, Malaysia 

AJC (WDM, 10G, 17,500km): Sydney, Australia-Tumon Bay, Guam-Tanguission, 
Guam-Maruyama, Japan-Shima, Japan 

C2C (WDM, 10G, 17,000km): Chikura, Japan-Shima-South, Japan-Pusan, 
Korea-Shanghai, China-Tanshui, Taiwan-Fangshan, Taiwan-HongKong-Nasugbu, 
Philippines-Mersing, Malaysia-Changi, Singapore 

EAC (WDM, 10G, 18,740km): Ajigaura, Japan-Shima, Japan-Korea-Taiwan-China- 
HongKong-Malaysia-Singapole-Philippines 
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Appendix II The World’s International Submarine Cables 


Cable 

CableLength 

Landing Points 

RFS (A.D.) 

Technology 

Asian Region 

G-P-T 

3,750Km 

Guam(USA),Fangshan(Taiwan),Infanta 
(Philippines) 

1989 

3R 280M 

H-J-K 

4,590Km 

Chikura(Japan),Cheju(Korea), 

Cape D'agular(Hongkong) 

1990 

3R 280M 

HONTAI-2 

418Km 

Cape D’Aguilar(Hong Kong), 

Fangshan(Taiwan) 

1990 

3R 420M 

Indonesia 

(domestic) 

650Km 

Surabaya-Banjarmasin 

1991 

3R 280M 

AOFSCN B-S 

1,500Km 

Tungku(Brnei Darussalam), 

Changi(Singapore) 

1991 

3R 560M 

AOFSCN KTN-KK 

1,500Km 

Kuantan.Kota Kinabalu (Malaysia) 

1992 

3R 420M 

AOFSCN B-M-P 

1,500Km 

Tungku(Bmei Darussalam), 

Tanjung Aru(Malaysia),Batangas 
(Philippines) 

1992 

3R 560M 

CJ FOSC 

1,250Km 

Miyazaki(Japan), Shanghai(China) 

1993 

3R 560M 

APC 

7,500Km 

Miura(Japan), Miyazaki(Japan), 

Touchang(Taiwan), 

Cape D’Aguilar(HongKong), 

Cherating(Malaysia), 

Katong(Singapore) 

1993 

3R 560M 

AOFSCN M-T 

1,300Km 

Phetchaburi(Thailand),Kuantan(Malaysia), 

Songkhla(Thailand) 

1994 

3R 560M 

R-J-K 

1,760Km 

Naoetsu(Japan), Pusan(Korea), 

Nakhodka(Russia) 

1995 

3R 560M 

T-V-H 

3,400Km 

Sri Racha(Thailand), Vung Tau(Vietnam), 

Deep Water Bay(HongKong) 

1995 

3R 560M 

CKC (China-Korea) 

550Km 

Taean(Korea), Qingdao(China) 

1996 

3R 560M 

APCN 

11,852Km 

Miyazaki(Japan),Pusan(Korea),Lantau 

(HongKong).Batangas(Philippines), 

Toucheng(Taiwan),Petchaburi(Thailand), 

Mersing(Malaysia),Changi(Singapore), 

Jakarta(lndonesia) 

1997 

OA 5Gbps 

APCN2 

19,000Km 

Katong(Singapore),Kuantan(Malaysia), 
Lantau(China),Chongming(China),Pusan 
(Korea).Kitaibaraki(Japan),Chikura 
(Japan),Tanshui(Taiwan),Shantou(China), 
Batangas(Philippines) 

2001 

(planned) 

OA 

WDM 

(lOGbps/wave) 

X 64 

C2C 

17,000Km 

Chikura(Japan),Shima-South(Japan), 

Pusan(Korea),Shanghai(China), 

Tanshui(Taiwan), Fanshan(T aiwan), 

Hongkong,Nasugbu(Philippines), 
Mersing(Malaysia),Changi(Singapole) 

2001 

(planned) 

OA 

WDM 

(lOGbps/wave) 

X 96 

EAC 

18,740Km 

Ajigaura(Japan),Shima(Japan), 

Korea,Taiwan,China, 

HongKong,Malaysia, 

Singapole,Philippines 

2002 

(planned) 

OA 

WDM 

(lOGbps/wave) 

X 64 
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CABLE 


Cable 

CableLength 

Landing Points 

RFS (A.D.) 

Technology 

European Region 

UK-NL12 

53Km 

Aldeburgh(U.K.)-Domburg(Netherlands) 

1989 

3R 280M 

EMOS-1 

2,478Km 

Palermo(ltaly),Lechaina(Greece), 

Marmaris(T urkey),T el Aviv(lsrael) 

1990 

3R 280M 

UK-Belgium 6 

IIIKm 

St. Margarets(UK)-Veurne(Belgium) 

1991 

3R 280M 

TAGIDE-2 

1,480Km 

Bounemouth(U.K.),Penmarch(France), 

Sesimbra(Portugal) 

1991 

3R 280M 

UK-Germany 5 

161 Km 

Winterton(U.K.)-Norden(Germany) 

1991 

3R 1.8G 

BARMAR 

304Km 

France, Spain 

1993 

3R 560M 

UK-NL13 

74Km 

Alkmaar(Netherlands)-Winterton(U.K.) 

1994 

3R 622M 

UK-NORDIC 

327Km 

UK, Nonway, Sweden 

1994 

OA 2.5Gbps 

ODIN 

990Km 

Alkmaar(Netherlands), 

Maade(Belgium),Blaabjerg(Belgium), 

Kristiansand(Norway), 

Lysekil(Sweden) 

1995 

OA 

WDM 

(2.5Gbps/wave) 

X 2 

RIOJA 

1,860Km 

Santander(Spain),Lands End(UK), 

Veume(Belgium), 

Alkmaar(Netherland) 

1995 

OA 2.5Gbps 

ATLANTIC 

CROSSING-1 

14,450Km 

NewYork(USA)-Whitesands(UK)- 

Beverwyjk(Netherlands)-Sylt(Germany) 

1998- 

1999 

OA 

WDM 

(lOGbps/wave) 

X 4 

ATLANTIS-2 

13,000Km 

LasToninas(Argenyina)- 
Rio deJaneiro(Brazil)-Fortaleza(Brazil)- 
Dakar(Senegal)-Praia(Cape Verdelsland)- 
El Medano(Canary Islands,Spain)- 
Funchal(Madeira Island,Portugal)- 
Conil(Spain)-Lisbon(Portugal) 

2000 

OA 

WDM 

(2.5Gbps/wave) 

X 16 

Japan Area 

Hamada- 

Fukuoka(NTT) 

260km 

Hamada.Koga(Japan) 

1990 

3R 1.8Gbps 

Niigata- 

Sapporo(NTT) 

890km 

Niigata, Atsuda(Japan) 

1991 

3R 1.8Gbps 

Matsuyama- 

Oita(NTT) 

70km 

Ikata.Sagaseki(Japan) 

1993 

3R 600M 

Chikura- 

Miyazaki(KDD) 

1,060Km 

Chikura, Miyazaki(Japan) 

1993 

3R1.8G 

Hiroshima- 

Matsuyama(NTT) 

40km 

Kure.Houjyo(Japan) 

1994 

3R 600M 
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CABLE 


Cable 

CableLength 

Landing Points 

RFS (A.D.) 

Technology 

Kagoshima- 

Naha(NTT) 

880km 

Fukiagehama.Chinen(Japan) 

1995 

OA 

WDM 

(lOGbps/wave) 

MOC(KDD) 

1,130Km 

Miyazaki, Okinawa(Japan) 

1997 

OA 5Gbps 

JIH(KDD) 

10,900km 

Ishikari,Akita,Sendai,Niigata,Ibaraki, 
Ninnomiya.Matsutou.Toyohashi.Shima, 
Kumihama.Hamada.Kouchi,Fukuoka, 

Naoetsu.Chikura, Miyazaki, 

Okinawa(Japan) 

1999 

OA 

WDM 

(2.5Gbps/wave) 

X 40 

Pacific Region 

TPC-3/HAW-4 

13,320Km 

Chikura(Japan),Guam(USA), 

Hawaii(USA),Point Arena(USA) 

1989 

3R 280M 

NPC 

8,380Km 

Miura(JAPAN), Pacific City(Oregon,USA), 
Seward(Alaska, USA) 

1991 

3R 420M 

TASMAN 2 

2,200Km 

Sydney(Australia)-Auckland(NZ) 

1992 

3R 560M 

TPC-4 

9,850Km 

Chikura(Japan),Port Alberni(Canada), 

Point Arena(USA) 

1992 

3R 560M 

PacRim East 

7,700Km 

Takapuna(NZ)-Hawaii(USA) 

1993 

3R 560M 

HAW-5 

4,400Km 

Hawaii(USA),San Luis Obispo(USA) 

1993 

3R 560M 

PacRim West 

7,500Km 

Sydney(Australia)-Guam(AT&T) 

1995 

3R 560M 

TPC-5CN 

24,500Km 

Ninomiya(Japan),Miyazaki(Japan), 

Guam(USA),Hawaii(USA),Bandon(USA), 

San Luis Obispo(USA) 

1995-96 

OA 5Gbps 

PC-1 

20,898Km 

Ajigaura(JPN), Shima(JPN), 
NormaBeach(Washi.,USA), 

ToroCreek(Califomia.USA) 

2000 

OA 

WDM 

(lOGbps/wave) 

X 16 

China-US CN 

30,000km 

Chikura(Japan),Okinawa(Japan),Bandon 

(USA),SanLuisObispo(USA),Tanguisson 

(Guam).Shantou(China), 

Chongming(China),Pusan(Korea), 

Fangshan(Taiwan) 

2000 

OA 

WDM 

(2.5Gbps/wave) 

X 8 

SOUTHERN CROSS 

28,912Km 

Southern Strand: 

Alexandria(Australia)- 

Whenuapai(NewZealand)- 

Takapuna(NewZeaLand)-Spencer 

Beach(Hawaii) 

Northern Strand: Alexandria(Australia)- 
Brookvale(Austraria)-Suva,Fiji-Kahe 
Point(Hawaii)-Nedonnna Beach(Oregon, 

USA)-Morro Bay(Califomia, USA) 

2000-2001 

OA 

WDM 

(2.5Gbps/wave) 

X 16 

Japan-US CN 

21,000Km 

Kitaibaraki(JPN), Maruyama(JPN), 

Shima(JPN), SLO(USA), 

PointArena(USA), Makaha(Hawaii) 

2001 

OA 

WDM 

(lOGbps/wave) 

X 16 
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CABLE 


Cable 

CableLength 

Landing Points 

RFS (A.D.) 

Technology 

AJC 

12,500km 

OxfordFalls(Australia),Paddington 
(Australia),Guam,Maruyama(Japan), 

Shima(Japan) 

2001 

OA 

WDM 

(lOGbps/wave) 

X16 

Atlantic Region 

TAT-8 

6,690Km 

Tuckerton(USA), Widemouth Bay(UK), 

Penmarch(France) 

1988 

3R 280M 

PTAT-1 

7,500Km 

Brean(UK), Ballinsplittle(lreland), 

Devonshire(Bermuda), 

Manasquan(USA) 

1989 

3R 420M 

PENCAN-4 

1,266Km 

Conil(Spain),Candes Aria(Canaryls.), 

Las Palmas(Canary Is.) 

1990 

3R 280M 

TAT-9 

8,500Km 

Manahawkin(USA), Nova 

Scotia(Canada), Goonhilly(UK), 

St.Hilaire(France), Conil(Spain) 

1992 

3R 560M 

PENCAN-5 

1,323Km 

Chipiona(Spain),Gran Canarials. 

(Canary Is.), Tenerife ls.(Canaryls.) 

1992 

3R 560M 

EUROAFRICA 

2,776Km 

St.Hilaire (Fance), 

Sesimbra(Portugal), 

Casablanca(Morocco), Funchal(Medeira) 

1992 

3R 560M 

TAT-10 

7,700Km 

Green Hill (USA), 

Norden (Germany), 

Alkaar(Netherlands) 

1992 

3R 560M 

SAT-2 

8,254Km 

Melkbostrand(South Africa), 

Gran Canaria ls.(Canaryls.), 

Funchal(Madeira Is.) 

1993 

3R 560M 

TAT-11 

6,900Km 

Tuckerton(USA), Lyme Bay(UK), 

St.Hilaire(France) 

1993 

3R 560M 

AMERICAS 1 

7,597Km 

Vero Beach(USA), Fortaleza(Brazil), 

Port of Spain(Trinidad), 

Camuri(Venezuela) 

1994 

3R 560M 

CANTAT-3 

7,500Km 

Pennant Point(Canada), 

Vestmannaeyjar(lceland), 

Tornuvik(Faroe Islands), 

Sylt(Germany), Blaabjerg 
(Denmark),Redcar(UK) 

1994 

3R 2.5Gbps 

COLUMBUS-2 

12,188Km 

Paleimo(Sicily.ltaly)- 
Funchal(Madeira Island, Portugal)- 
Sardina(Gran Canary Island, Spain)- 
St.Thomas, US Virgin Islands(USA)- 
West Palm Beach(Florida, USA)- 
Cancun(Mexico) 

1994 

OA 2.5Gbps & 

3R 560Mbps 

CANUS1 

1,360Km 

Pennant Point(Canada), 

Manasquan(USA) 

1995 

OA 2.5Gbps 

TAT-12/13 

12,896Km 

Greenhill(USA), Lands End(UK), 

Penmarch(FR), Mastic Beach(USA) 

1996 

OA 5Gbps 
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CABLE 


Cable 

CableLength 

Landing Points 

RFS (A.D.) 

Technology 

COLUMBUS-3 

10,000Km 

Florida(USA), St.Croix, Lisbon, 

Spain, Italy, Azores 

1999 

OA 5Gbps 

MID-ATLANTIC 

CROSSING(MAC) 

6,810Km 

Brookheaven(US)- 

Hollywood(Florida,US)-St.Croix(USVI) 

2000 

OA 2.5Gbps 

AMERICAS 2 

8,300Km 

Hollywood(USA), Saint Croix(USVI), 

Miramar(Puerto Rico), 

Lamentine(Mtinique), 

Willemstad(Curacao), 

Camuri(Venezuela), 

Chaguarmas(Trinidad) 

2000 

OA 

WDM 

(2.5Gbps/wave) 

TAT-14 

15,300Km 

Manasquan(NY,USA), 

Tuckerton(NJ.USA), Widemouth(UK), 

Pentewan(UK), St Valery en Caux(FR), 
Katwijk(Netherlands), Norden(GR), 

Blaabjerg(DMK) 

2000 

OA 

WDM 

(lOGbps/wave) 

X 16 

FLAG Atlantic 1 

5,900Km 

NewYork(USA), France 

2000 

OA 

WDM 

(lOGbps/wave) 

X 16 

Indian Ocean - Mediterranean Region 

SEA-ME-WE 2 

5,000Km 

Singapore, Jakarta, Colombo, Bombay, 

Djibouti, Jeddah, Suez, Alexandria, 

Palermo, Bizerte, Algiers, 

Marseilles, Pentaskhinos, Marmaris 

1994 

3R 560M 

FLAG 

28,000Km 

Porthcumo, Estepona, Palermo, 

Alexandria, Fujairah, Bombay, 

Penang, Satun, Lantau Island, 

Shanghai, Keoje, Miura 

1997 

OA 5Gbps 

SEA-ME-WE 3 

36,000Km 

Kojei(Korea)-Okinawa(Japan)- 

Nanhui(China)-Toucheng(Taiwan)- 

Fangshan(Taiwan)-Shantou(China)-Deep 

Water Bay(HongKong) 

Shantou(China)-Deep Water 

Bay(HongKong)-Taipa(Macau)- 

Batangas(Phillipines)-Tungku(Brunei)- 

Danang(Vietnum)-Mersing(Malaysia)- 

Tuas(Singapore) 

Tuas(singapore)-Ancol 

(Jakarta, Indonesia)- 

Perth( Australia), T uas(Singapore)- 

Medan(lndonesia)-Penang(Malaysia)- 

Satun(Thailand)-Pyapon(Myanmar)- 

Mt. Lavinia(Sri Lanka)-Cochin(lndia) 

-Mumbai(lndia) 

Mumbai(lndia)-Karachi(Pakistan)- 

Muscat(Oman)-Fujairah(UAE)- 

Djibouti(Djibouti)-Jeddah(Saudi 

Arabia)-Suez(Egypt)- 

Alexandria(Egypt) 

Alexandria(Egypt)-Marmaris(Turkey)- 

Yeroskipos(Cyprus)-Chaina(Greece)- 

Mazara(ltaly)-Tetuan(Morocco)- 

Sesimbra(Portugal)-Penmarc’h(France)- 

Goonhilly(UK)-Ostende(Belgium)- 

Norden(Germany) 

1999 

OA 

WDM 

(2.5Gbps/wave) 

X 8 
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CABLE 


Cable 

CableLength 

Landing Points 

RFS (A.D.) 

Technology 

Mediterranean Region 





EMOS-1 

2,850Km 

Parelmo(ltaly), Lechanla (Greece), 

Marmaris (Turkey), TelAviv(lsrael) 

1990 

3R 280M 

MAT-2 

1,738Km 

Palermo(ltary),Palma(Mallorca 

Island), Estepona(Spain) 

1991 

3R 560M 

ITUR 

3,466Km 

Italy, Turkey, Ukraine, Russia 

1996 

3R 560M 

Others 

TCS-1 

3,890Km 

West Palm Beach(Florida USA), San 

Juan (Puerto Rico), Santo Domingo 
(Dominica), Kingston(Jamaica), 

Barranquilla(Colombia) 

1990 

3R 140M 

TAINO-CARIB 

1,620Km 

Miramar(Puerto Rico), Isra 

Verde(Puerto Rico), Magens Bay 
(St.Thomas), Chalwell(Tortola) 

1992 

3R 560M 

UNISOR 

1,714Km 

Florianolplis(Brazil), Las 

Toninas(Agrentina), 

Maldonado(Uruguay) 

1994 

3R 560M 
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Major Cable Ships in the World 


Name of ship 

Flag & 
Owner 

Year 

Built 

L.O.A x B x d 
( m) 

Cable 

Capacity 

(Tonnes) 

Speed 

(Knots) 

Cable engines 

Primary 

Mission 

Agile 

UK 

[GMS] 

1978 

139.5 x 20.2 x 6.97 

5,500 

11 

[Cruising] 

5m Drum x 1 
27pair linear x \ 

Installation 

Cable Retriever 

UK 

[GMS] 

1997 

117.47X21.8X6.5 

2,475 

12 

[Cruising] 

4m Drum x 2 
DO/HB x 2 

Maintenance 

CS Iris 

UK 

[GMS] 

1973 

97.2 x 15 x 5.5 

900 

11 

[Cruising] 

3m Drum x 2 
DO/HB x 2 

Installation & 
Maintenance 

Seaspread 

UK 

[GMS] 

1980 

116X20.5X6.8 

1,701 

11 

[Cruising] 

3m Drum x 2 
DO/HB x 2 

Maintenance 

Wave Mercury 

UK 

[GMS] 

1982 

141.5X19.4X6.0 

2,300 

11 

[Cruising] 

4m Drum x 2 
DO/HB x 2 

Maintenance 

Cable 

Enterprise 

UK 

[GMS] 

1964 

112.8X14.9X5.8 

1,650 

10 

[Cruising] 

2.8m Drum x 2 
DO/HB x 2 

Maintenance 

CS 

Monarch 

UK 

[GMS] 

1973 

97.2 x 18 x 5.6 

900 

11.5 

[Cruising] 

3m Drum x 2 
DO/HB x 2 

Installation & 
Maintenance 

Maersk 

Forwarder 

UK 

[GMS] 

1992 

82.5X18.8X6.25 

2,350 

12 

[Cruising] 

3m Drum x 1 
12pair linear x l 

Installation & 
Maintenance 

Sir 

Eric Sharp 

UK 

[GMS] 

1988 

115X18X6.3 

1,700 

12 

[Cruising] 

3.5m Drum x 2 
18pair linear x l 

Maintenance 

Wave 

Sentinel 

UK 

[GMS] 

1995 

126.4X21.0X6.28 

2,600 

12.5 

[Cruising] 

4m Drum x 2 
DO/HB x 2 

Installation & 
Maintenance 

Cable 

Innovator 

UK 

[GMS] 

1995 

145X24X8.5 

8,500 

13.5 

[Cruising] 

4m Drum x 1 
21pair linear x l 

Installation 

CS Bold 

Endeavour 

UK 

[GMS] 

1999 

129 x 22 x 6.75 

6,000 

11 

[Cruising] 

4m Drum x 1 
21pair linear x 1 

Installation 
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Appendix III (continued) 


Name of ship 

Flag & 

Owner 

Year 

Built 

L.O.A x B x D 
(m) 

Cable 

Capacity 

(Tonnes) 

Speed 

(Knots) 

Cable engines 

Primary 

Mission 

CS 

Nexus 

UK 

[GMS] 

1972 

149.7X24.9X7.8 

7,700 

12 

[Cruising] 

3m Drum x 2 
21 pair linear x 1 

Installation 

Cable 

Installer 

UK 

[GMS] 

1979 

89.4X17.3X5.75 

1,700 

10 

[Cruising] 

3m Drum x 1 
linear x 1 

Installation 

CS Bold 

Endurance 

UK 

[GMS] 

1978 

142.1 x 20.2 x 7.7 

5,450 

11 

[Cruising] 

4m Drum x 1 
DO/HB x 1 
21 pair linear x 1 

Installation & 
Maintenance 

Pacific 

Guardian 

UK 

[GMS] 

1983 

115.6X18X5.8 

1,700 

12 

[Cruising] 

3.5m Drum x 2 
18pair linear x 1 

Maintenance 

Maersk 

Recorder 

UK 

[GMS] 

2000 

105.8 x 20.0 x 9.1 

6,000 

12.5 

[Cruising] 

4m Drum x 1 
20 pair linear x 1 

Installation 

Sovereign 

UK 

[BT pic] 

1991 

130 x 21 x 7 

6,200 

13.5 

[Cruising] 

3.5m Drum x 2 

Installation & 
Maintenance 

Fu Lai 

China 

[SBSS] 

1992 

107.14X19.40X6.6 

3,200 

10.5 

[Cruising] 

4m Drum x 2 
DO/HB xi 

Installation & 
Maintenance 

CS Charles 

L.Brown 

USA 

[Tycom] 

1954 

99.94X12.6X5.6 

1,100 

13 

[Cruising] 

3m Drum x 2 
DO/HB x 2 

Maintenance 

CS 

Global Link 

USA 

[Tycom] 

1990 

146 x 12.6 x 8.2 

6,000 

15 

[Cruising] 

3.7m Drum x 2 
linear x 1 Tractor type 

Maintenance 

CS Global 

Mariner 

USA 

[Tycom] 

1992 

146 x 12.6 x 8.2 

5,000 

14 

[Cruising] 

3.7m Drum x 2 
linear x 1 Tractor type 

Maintenance 

CS Coastal 
Connector 

USA 

[Tycom] 

1979 

88 L.O.A 

1,500 

14 

[Cruising] 


Installation 

BC 

Teneo 

USA 

[Tycom] 

•1993 

81L.O.A 

1,100 

12 

1 [Cruising] 


Maintenance 
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Appendix III (continued) 


Name of ship 

Flag & 
Owner 

Year 

Built 

L.O.A x B x D 
(m) 

Cable 

Capacity 

(Tonnes) 

Speed 

(Knots) 

Cable engines 

Primary 

Mission 

MV Dock 

Express 

USA 

[Tycom] 

1983 

170L.O.A 

9,000 

13 

[Cruising] 


Installation 

CS 

Long Lines 

USA 

[Tycom] 

1963 

156X21.2X8.2 

6,000 

15 

[Cruising] 

3.7m Drum x 2 
linear x l Tractor type 

Maintenance 

CS Global 

Sentinel 

USA 

[Tycom] 

1991 

146X21.6X8.2 

6,000 

15 

[Cruising] 

3.7m Drum x 2 

21 pair linear x l 

Maintenance 

CS Tyco 

Provider 

USA 

[Tycom] 

2001 

141L.O.A 

6,000 

12 

[Cruising] 


Installation 

BC 

Atlantida 

USA 

[Tycom] 

1984 

114L.O.A x 18.5B 

2,500 

13 

[Cruising] 


Installation 

Tycom 

Responded*] 

USA 

[Tycom] 

2001 

140 x 21 x 8.4 

5,500 

13.9 

[Cruising] 

4.0m Drum x 2 
20 pair linear x 1 

Installation & 
Maintenance 

CEGERO 

KOREA 

[KST] 

1998 

115.8X20X7.8 

4,500 

17 

[MAX] 

4m Drum x 2 

Installation & 
Maintenance 

KDD 

Ocean Link 

Japan 

[KCS] 

1992 

133.5 x 19.6 x 7.4 

4,000 

15 

[Cruising] 

3.6m Drum x 2 
20 pair linear x 1 

Installation & 
Maintenance 

KDD 

Pacific Link 

Japan 

[KCS] 

1997 

109 x 20.5 x 7.5 

4,500 

12 

[Cruising] 

3.6m Drum x 2 
20 pair linear x 1 

Installation & 
Maintenance 

Koukimau 

Japan 

[Doukai Mariteck] 

1997 

117.5X19.6X7.5 

5,000 

13.5 

[Cruising] 

4.0m Drum x 2 

Installation & 
Maintenance 

Koushinmaru 

Japan 

[Doukai Marine] 

1998 

98.5 x 16.6 x 7.5 

2,600 

13 

[Cruising] 

3.0m Drum x 2 

Installation & 
Maintenance 

SUBARU 

Japan 

[NTT-WE Marine] 

1999 

124X21.0X7.0 

4,000 

13.5 

[Cruising] 

4m Drum x 2 
21 pair linear x l 

Installation & 
Maintenance 

Kuroshio-Maru 

Japan 

[NTT-WE Marine] 

1974 

119.28X16.2X6.25 

1,900 

16.2 

[MAX] 

3.8m Drum x 2 
8 pair linear x l 

Installation & 
Maintenance 
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Appendix III (continued) 


Name of ship 

Flag & 

Owner 

Year 

Built 

L.O.A x B x D 
(m) 

Cable 

Capacity 

(Tonnes) 

Speed 

(Knots) 

Cable engines 

Primary 

Mission 

CS. PLDT 

Philippine 
[NTT-WE Marine panama] 

1984 

77.25 x 12.5 x 7.0 

250 

13.0 

[Cruising] 

3m Drum x 2 
6 pair linear x 1 

Maintenance 

Vercors 

France 

[France Telecom] 

1974 

136 x 18.2 x 7.3 

4,000 

16.6 

[Cruising] 

3m Drum x 2 
24pair linear x 1 
3pair DO/HB x 2 
4pair DO/HB x 1 

Installation & 
Maintenance 

Leon 

Thvenin 

France 

[France Telecom] 

1983 

107X17.8X6.24 

1,400 

cbm 

15 

[Cruising] 

3.4m Drum x 2 
12 pair linear x 1 
4pair DO/HB x 2 

Installation & 
Maintenance 

Raymond 

Croze 

France 

[France Telecom] 

1983 

107X17.8X6.24 

1,400 

cbm 

15 

[Cruising] 

3.4m Drum x 2 
12 pair linear x 1 
4pair DO/HB x 2 

Installation & 
Maintenance 

Fresnel 

France 

[France Telecom] 

1997 

109.4X23.2X6.9 

4,300 

14.5 

[Cruising] 

4m Drum x 2 
linear x 1 

Installation & 
Maintenance 

Teliri 

Italy 

[Elettra TLC] 

1996 

111.5L.O.A x 6.5D 

2,600 

15 

[Cruising] 

3.5m Drum x 2 
18pair linear x 1 

Installation & 
Maintenance 

Gertament 

Italy 

[Elettra TLC] 

1999 

102L.O.A x 7.3D 

1,900 

13.5 

[Cruising] 

3m Drum x 1 
18pair linear x 1 

Installation 

Arabella 

Italy 

Pirelli Cavi 

1975 

76.66L.O.A x 5.18D 

2,000 

11 

[Cruising] 

— 

Installation & 
Maintenance 

Giulio Verne 

Italy 

Pirelli Cavi 

1984 

128.5X30.48X8.5 

7,000 

10 

[Cruising] 

7,000t Turntable 
Pad type(10t) x 1 

Installation 

Peter 

Faber 

Norway 
[Tele Denmark] 

1982 

78.4L.O.A x 5.0D 

600 

14 

[Cruising] 

3m Drum x 1 

Installation & 
Maintenance 

Maersk 

Fighter 

Norway 
[Tele Denmark] 

1994 

82.5L.O.A x 6.24D 

2,400 

15.7 

[MAX] 

4m Drum x 1 
6 pair linear x l 

Installation 
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Appendix III (continued) 


Name of ship 

Flag & 

Owner 

Year 

Built 

L.O.A x B x D 
(m) 

Cable 

Capacity 

(Tonnes) 

Speed 

(Knots) 

Cable engines 

Primary 

Mission 

Maersk 

Defender 

Norway 
[Tele Denmark] 

1994 

96.0L.O.A x 8.70D 

6,000 

14 

[MAX] 

4m Drum x 2 
20 pair linear x l 

Installation & 
Maintenance 

Telepaatti 

Finland 
[Sonera LTD] 

1978 

42.6L.O. A x 3.0D 

350 

12 

[Cruising] 

2 linear with 

3 caterpillar 

Installation 


[*] There are five sister ships. 














414 Appendix IV 


Appendix IV Abbreviations 


ABC 

Automatic Bias Controller 

ACMA 

Atlantic Cable Maintenance Agreement 

ADM 

Add-Drop Multiplexer 

AGC 

Automatic Gain Control 

ALC 

Automatic Level Control 

AMS 

Alternate Maintenance Signal 

APS 

Automatic Protection Switching 

ASE 

Amplified Spontaneous Emission 

ASIC 

Application Specific Integrated Circuit 

ASK 

Amplitude-Shift Keying 

ASP 

Application Service Provider 

ATM 

Asynchronous Transfer Mode 

AUV 

Autonomous Underwater Vehicle 

AWG 

Array Wave-guide Grating 

BBER 

Background Block Error Ratio 

BER 

Bit Error Rate 

BIT-8 

Bit Interleaved Parity 8 

BLSR 

Bi-directional Line Switching Ring 

BM 

Billing Milestone 

BMH 

Beach Manhole 

BOL 

Beginning of Life 

BPF 

Bandpass Filter 

BU 

Branching Unit 

CATV 

Cable Television 

C&AWG 

Commissioning and Acceptance Working Group 

C&MA 

Construction and Maintenance Agreement 

C-band 

Conventional Band 

CBL 

Cable Breaking Load 

CCF 

Carbon-Coated Fiber 

CCM 

Contract Coordination Meeting 

CD 

Chromatic Dispersion 

CFU 

Common Function Unit 

CLK DIST 

Clock Distribution 

CMRR 

Common Mode Rejection Ratio 

COM 

Communication 

C-OTDR 

Coherent Optical Time-Domain Reflector 
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CPP 

Controllable Pitch Propeller 

cs 

Cable Station 

CTB 

Cable Terminating Box 

CV 

Contract Variation 

CW 

Continuous Wave 

CWG 

Commercial Working Group 

DA 

Double Armored 

DCC 

Data Communication Channel 

DCE 

Drum Cable Engine 

DCF 

Dispersion Compensation Fiber 

DCN 

Digital Communication Network 

DFF 

D-type Flip-Flop 

DFB-LD 

Distributed Feedback - Laser Diode 

DGM 

Data Gathering Meeting 

D-GPS 

Differential Global Positioning System 

DIST 

clock Distributor 

DIV 

frequency Divider 

DLS 

Digital Line Section 

DM 

Dispersion-Managed 

DMUX 

Demultiplexer 

DP(S) 

Dynamic Positioning (System) 

DRA 

Distributed Fiber Raman Amplification 

DSF 

Dispersion Sifted Fiber 

DSP 

Digital Signal Processor 

DTS 

Desk Top Study 

DWDM 

Dense Wavelength-Division Multiplexing 

DXC 

Digital Cross-Connect 

EA 

Electro-Absorption 

EDF 

Erbium-Doped Fiber 

EDFA 

Erbium-Doped Fiber Amplifier 

EE-PDF 

Aeff-Enlarged Positive Dispersion Fiber 

EMS 

Element Management System 

EOL 

End of Life 

EQU 

Equalization Unit 

ESNR 

Electrical Signal to Noise Ratio 

FAT 

Factory Acceptance Test 

FBL 

Fiber Breaking Load 

FCWG 

Financial and Contractual Working Group 

FEC 

Forward Error Correction 
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FIFO 

First-In-First-Out 

FLTS 

Fault Localization Test Equipment 

FM 

Frequency Modulation 

FP 

Fabry-Perot 

f.p. 

Fiber Pair 

FPP 

Fixed Pitch Propeller 

FR 

Frame Relay 

FRC 

Factory Release Certificate 

FSA 

NTT's Fiber Submarine transmission system name using 
optical Amplifiers 

FSK 

Frequency Shifted Keying 

FTTH 

Fiber To The Home 

FWHM 

Full Width at Half Maximum 

FWM 

Four-Wave Mixing 

GEQ 

Gain Equalizer 

GPS 

Global Positioning System 

GS-EDFA 

Gain-Shifted Erbium-Doped Fiber Amplifier 

GVD 

Group Velocity Dispersion 

HDD 

Horizontal Directional Drilling 

HLLB 

High Loss Loop Back 

HRP 

Hypothetical Reference Path 

HS 

High Speed 

HS-APS 

High Speed Automatic Protection Switching 

ICMS 

Integrated Cable Management System 

ICPC 

International Cable Protection Committee 

ID 

Identification 

IM 

Intensity Modulation 

IMC 

Interim Management Committee 

IM-DD 

Intensity Modulation Direct-Direction 

IP 

Internet Protocol 

IPG 

Interim Procurement Group 

IRU 

Indefeasible Right of Use 

ISP 

Internet Service Provider 

KP 

Kilo marker Post 

LAN 

Local Area Network 

L-band 

Long-Wavelength Band 

LCD 

Liquid Crystal Display 

LCE 

Linear Cable Engine 

LCF 

Large Core Fiber 
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LCS 

LD 

LJB 

LME 

LMS 

LN 

LO 

LOA 

LPF 

LS 

LS-APS 

LT 

LTU 

LW 

LWS 

M sequence 

MA 

MAWG 

MC 

Local Cable Station 

Laser Diode 

Land Joint Box 

Line Monitoring Equipment 

Line Monitoring System 

LiNb0 3 

Local Oscillator 

Length Over All 

Lowpass Filter 

Low Speed 

Low-Speed Automatic Protection Switching 
Load Transfer 

Line Terminating Unit 

Light Weight 

Light Weight Screened 

Maximum Length sequence 

Maintenance Authority 

Marine Activity Working Group 

Management Committee 

Maintenance Controller 

MCS 

MD 

MECMA 

MIU 

MLO 

MOP 

MOU 

MPLS 

MUX 

MWG 

MZ 

NDF 

ND-FWM 

NE 

NE-OpS 

NEOS 

NF 

NME 

NOC 

Master Cable Station 

Maintenance Document 

Mediterranean Cable Maintenance Agreement 
Minimum Investment Unit 

Maintenance Liaison Officer 

Method of Procedure 

Memorandum of Understanding 

Multi Protocol Label Swithing 

Multiplexer 

Maintenance Working Group 

Mach-Zehnder 

Negative Dispersion Fiber 

Non-Degenerative Four-Wave Mixing 
Network Element 

Network Element Operation System 

Network Element Operations System 

Noise Figure 

Network Management Equipment 

Network Operation Center 
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NOTS 

NPE 

NPTS 

NRZ 

NTTS 

NWOS 

NZ-DSF 

OAMP 

OA&M 

OAM&P 

OBC 

OBPF 

ODEMUX 

O/E 

OFS 

O&MSC 

OMUX 

OS 

OSA 

OS/OR 

OSNR 

OTDM 

OTDR 

OTF 

o/w 

oxc 

PAC 

PBC 

PC 

PCG 

PD 

PDF 

PDG 

PDL 

2PDT 

PFE 


Nominal Operating Tensile Strength 
Network Protection Equipment 
Nominal Permanent Tensile Strength 
Non- Return to Zero 
Nominal Transit Tensile Strength 
Network Management Operations System 
Non-Zero Dispersion Shifted Fiber 
Optical Amplifier 

Operation, Administration and Maintenance 

Operations, Administration, Maintenance and Provisioning 

Optical Branching Combiner 

Optical Band Pass Filter 

Optical Wavelength Division Demultiplexer 

Optical / Electrical 

KDDI/NTT Unified System name of Optical Fiber 
Submarine Cable 

Operation and Maintenance Sub-Committee 

Optical Wavelength-Division Mutiplexer 

KDDI's Optical Fiber Submarine Cable System name using 

3R functions 

KDDI's Optical Fiber Submarine Cable System name using 

Optical Amplifiers 

Optical Sender/ Optical Receiver 

Optical Signal to Noise Ratio 

Optical Time-Division Multiplexing 

Optical Time-Domain Reflector 

Optical Tunable Filter 

Order Wire 

Optical Cross-Connect 

Provisional Acceptance Certificate 

Polarization Beam Combiner 

Project Change 

Project Coordination Group 

Photodiode 

Positive Dispersion Fiber 
Polarization Dependent Gain 
Polarization Dependent Loss 
Double- Pole Double- Throw Contacts 
Power Feeding Equipment 
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PG 

Procurement Group 

PGU 

Power Grounding Unit 

PIM 

Potential Investor's Meeting 

PIOCMA 

Pacific and Indian Ocean Cable Maintenance Agreement 

PLC 

Plane Light-wave Circuit 

PLGR 

Pre-Laying Grapnel Run 

PLIB 

Post-Laying Inspection and Burial 

PM 

Power Monitor 

PMD 

Polarization Mode Dispersion 

PMG 

Project Management Group 

PN 

Pseudo-noise Sequence 

POP 

Point of Presence 

POW 

Plan of Work 

PR 

Power Regulator 

PRZ 

Partial Return-to-Zero 

PSCF 

Pure Silica Core Fiber 

PSM 

Power Safety Message 

PSO 

Power Safety Officer 

PSTN 

Public Switched Telephone Network 

PWM 

Pulse Width Modulation 

QAR 

Quality Assurance Representative 

QAWG 

Quality Assurance Working Group 

3R 

Reshaping, Retiming, Regenerating 

RDF 

Reverse Dispersion Fiber 

RFP 

Request for Proposal 

RFS 

Ready for Service 

ROV 

Remotely Operated Vehicle 

RPL 

Route Position List 

RPU 

Raman Pump Unit 

RLTU 

Redundant Line Terminating Unit 

RX 

Receiver 

RZ 

Return to Zero 

SAH 

Single Armored Heavy 

SAL 

Single Armored Light 

SAM 

Single Armored Midium 

S-band 

Short-wavelength Band 

SAT 

System Assembly Testing 

SBS 

Stimulated Brillouin Scattering 

SCF 

Slope compensating Fiber 









420 Appendix IV 


SCFL 

Source-Coupled FET Logic 

SDH 

Synchronous Digital Hierarchy 

SD-WDM 

Super Dense WDM 

SE 

Spontaneous Emission 

SEL 

Selector 

SESR 

Severely Errored Second Ratio 

SF-R 

Signal Fail-Ring 

SF-S 

Signal Fail-Span 

SIE 

SDH/Interconnection Equipment 

SLD 

Straight Line Diagram 

SLTE 

Submarine Line Terminating Equipment 

SMF 

Single-mode Fiber 

SNR or S/N 

Signal-to-Noise Ratio 

SOH 

Section Over Head 

SONET 

Synchronous Optical Network 

SPC 

Special Purpose Company 

SPM 

Self-Phase Modulation 

SPV 

Special Purpose Vehicle 

SRS 

Stimulated Raman Scattering 

SSE 

Station Surveillance Equipment 

STM 

Synchronous Transport Module 

SV 

Supervisory 

SW 

Switch 

TAT 

Trans Atlantic cable 

TDFA 

Thulium-Doped Fiber Amplifier 

TDM 

Time-Division Multiplexing 

TIM 

Timing recovery 

TL 

Test Load 

TMN 

Telecommunications Management Network 

TOWG 

Technical and Operation Working Group 

TP 

Transition Point 

TPC 

Trans Pacific Cable 

TSA 

Time Slot Assignment 

TSE 

Terminal Station Equipment 

TWG 

Technical Working Group 

TX 

Transmitter 

UJ/UC 

Universal Jointing/Universal Coupling 

UTCPD 

Uni-Traveling Carrier Photo Diode 

uv 

Ultra Violet 


i 
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VAT 

Variable Optical Attenuator 

WDM 

Wavelength-Division Multiplexing 

WTU 

Wavelength Terminating Unit 

XPM 

Cross-Phase Modulation 

ZDW 

Zero Dispersion Wavelength 
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INDEX 


0.98pm pumping.20 

1+1 redundant arrangement.137 

1.48pm pumping.20 

1st splice.329 

2PDT.129 

3R function.43 

A 

A-frame.286, 301 

Abrasion.105 

Absorption cross-section.21 

Acceptance 

— Testing.378 

Factory — Test (FAT).354 

Provisional — Certificate (PAC).383 

ACMA.390 

Add-Drop Multiplexer (ADM).377 

ADM see Add-Drop Multiplexer 
AGC see Automatic gain control 

All-optical regeneration technology.14 

Alternate Maintenance Signal (AMS).136 

Amplified spontaneous emission (ASE) 

.21, 147, 309 

Amplitude shift keying (ASK).132 

AMS see Alternate Maintenance Signal 

APCN.9, 103, 205, 209, 346 

Application 

— service providers (ASPs).5 

— specific integrated circuit (ASIC).152 

APS see Automatic protection switching 
Aqua Explorer.291 


Arrayed waveguide grating (AWG).245 

ASE see Amplified spontaneous emission 
ASE noise accumulation.33, 79 


ASIC see Application specific integrated circuit 
ASK see Amplitude shift keying 
ASPs see Application service providers 

Asynchronous transfer mode (ATM).5, 12 

ATM see Asynchronous transfer mode 
Automatic 

— cable laying.272, 305 

— gain control (AGC).33, 37, 46 

— protection switching (APS).10, 139, 379 

AWG see Arrayed waveguide grating 

B 


Background Block Error Ratio (BBER).382 

Backhaul.347 

Backward pumping.34, 169, 245 

Balanced receiver.159 

Bandpass filter (BPF).38, 72,151, 232 

Bathymetry chart.258 

BBER see Background Block Error Ratio 
BER see Bit error rate 

Beach Manhole (BMH).163 

Beat noise.23, 45, 154 

Beginning of life (BOL).85 

Beryllium copper.122 

Bidirectional 

— line-switching ring.64 

— ring.192 

Billing Milestone (BM).353 
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Bit error rate (BER).22, 38, 76, 77, 241, 242 


Bitumen compound.106 

BM see Billing Milestone 
BMH see Beach Manhole 
BOL see Beginning of life 
BPF see Bandpass filter 

Branch cable.126, 191, 371 

Branching 

— method.9 

— repeater.277 

— Unit (BU) 

.9, 65, 126,168, 202, 346, 354, 357, 378, 380 

Color — unit.73, 130 

BU see Branching Unit 
Burial 

Hoe-type — machine.374 

Plough-type — machine .374 

Post-laying — .371 

Post-laying inspection and — (PLIB) .376 

Simultaneous — .371, 374 

Tow type — .375 


C 


— ship operator.388 

— slack.262, 272, 273 

— tank.277, 295, 298, 303 

— terminating box (CTB).163 

— towing method .370 

— trench .363 

Automatic — laying.272, 305 

Branch - .126,191,371 

Japan-US — Network.342, 346 

Linear — engine (LCE).277, 299 

Main - .357, 363, 371 

TPC-5 — Network.346 

Trans-Atlantic — (TAT).339 

Capacitance.107 

Carbon-coated fiber (CCF).185 

Cathodic protection.122 


CCF see Carbon-coated fiber 

CCM see Contract coordination meeting 

CD see Chromatic dispersion 

Certificate 

Factory release — (FRC).378 

Provisional Acceptance — (PAC).383 

China-US.10, 103, 209, 346 


C-band. 

.34, 224, 237, 249 

C-OTDR see Coherent-OTDR 

Cabin. 

Cable 

.287, 301, 305 

— consortiums. 

..6 

— coupling. 

.125 

— damage. 

.318 

— fault. 

.260, 261, 312 

— grapnel. 

.319, 336 

— installation. 

.254, 261, 283, 293 

— plough. 

.283 

— repair. 

.286, 300, 305, 315, 319, 

325, 333, 334, 336 

— route. 

.253, 257, 261, 272, 277, 

281, 291, 315, 318, 326 


Chromatic dispersion (CD) 

.28, 33, 54, 72, 79, 88, 132, 212, 234 

City-to-city.12 

CJFOSC.346 

Clock distribution.232 

Co-location.347 

Coherent-OTDR.158 

Color branching unit.73, 130 

Commercial Working Group (CWG).352 

Commissioning and Acceptance Test.352 

Committee 

Interim Management — (IMC).339, 352 

Management — (MC).339, 352, 387 

Common amplification.29 

Complementally error function.78 

Compliance.351 
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Conduit.362 

Confidence Trial.378, 382 

Construction and Maintenance Agreement 

(C&MA).339, 352 

Contract 


— coordination meeting (CCM).355 

— variation.353 

Supply -.343, 377, 378, 379, 381, 382, 383 

Conversion efficiency.27, 176 

Converter.151 

Corrosion resistance.123 

Cross-phase modulation.43, 69, 79, 209 

CTB see Cable terminating box 

Current surge.117 

Cutoff frequency.39, 116 

CWG see Commercial Working Group 


D 


Data 

— gathering meeting (DGM).341 

— service.3 

DC 

— current.308, 309, 310 

— resistance.107 


DCF see Dispersion compensation fiber 

Demultiplexer.33, 71, 88, 147, 211, 230 

Dense wavelength-division multiplexing 

(DWDM).4, 342 

Desk Top Study (DTS).253 

DGM see Data gathering meeting 
D-GPS see Differential-GPS 

Differential-GPS (D-GPS ) .272, 299, 375 

Digital 

— cross-connect.377 

— cross-connect equipment (DXC).312 

— signal processor (DSP).152 

Dispersion 

— compensation 


.72, 82, 88, 133, 177, 218, 233 

— compensation fiber (DCF).83, 220, 234 

— managed soliton.233 

— management.28, 88, 179, 211, 216, 235 

— map.48, 59, 82, 223, 234 

— slope.43, 82, 96 

—shifted fiber (DSF) 

.28, 55, 82, 161, 215, 220, 250 

Distributed fiber Raman amplification (DRA) 


.247 

Double 

— branch.10, 65 

— end power feeding.162 


—pole double-throw contact (2PDT).129 

DPS see Dynamic Positioning System 

DRA see Distributed fiber Raman amplification 

DSF see Dispersion-shifted fiber 

DSP see Digital signal processor 

DTS see Desk Top Study 

DWDM 

see Dense wavelength-division multiplexing 
DXC see Digital crossconnect equipment 
Dynamic Positioning System (DPS) 

.265, 272, 297, 336, 369 


Earth 

Sea —.363 

Shore — .364 

EDF see Erbium-doped fiber 

EDFA see Erbium-doped fiber amplifier 

Electrical signal-to-noise ratio (ESNR).222 

Electroding.381 

Element management system (EMS) 

.76, 136, 205 

EMS see Element management system 

End of life (EOL).85, 98 

End-to-end Performance.310 
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EOL see End of life 
EQU see Equalization Unit 


Equalization Unit (EQU).137 

Equipment redundant.167 

Erbium 

—doped fiber (EDF) 


.18, 19, 52, 53, 84,111,248 

— gain.174 

— length.22, 34, 174 

— amplifier (EDFA) 

.18, 33, 52, 79, 86, 111, 158, 170, 

189, 209, 214, 221, 238 

Error 

Background Block — Ratio (BBER).382 

ESNR see Electrical signal-to-noise ratio 

F 


Factory 

— Acceptance Test (FAT).354 

— Release Cirtificate (FRC).378 


FAT see Factory Acceptance Test 
Fault 

— localization 

.75, 118, 158, 189, 261, 291, 310, 312 


Cable -.260, 261, 312 

Fiber break —.318 

Open —.311, 317 

FCWG 

see Financial and Contractual Working Group 
FEC see Forward error correction 
Feedthrough.110, 188 

— cover assemblies.123 

Festoon.346 

— network.67 

Fiber 

— amplifier 


17, 60, 147, 189, 238 
.318 


— network layer.8 

— Raman amplifier.18, 189 

— ribbon.182 

— splicing point.109 

— unit.104 

Fiji Zone.389 

Final splice.272, 327, 334 

Financial and Contractual Working Group 

(FCWG).351 

Fish-bone.346 

Fixed pitch propeller (FPP).299 

FLAG.7, 103, 339, 346, 391 

FM see Frequency modulation 
Forward error correction (FEC) 

.71, 88, 176, 202, 249 

— frame.135 

Forward pumping.174, 245 

Four-wave-mixing (FWM).43, 69, 79, 209 

FPP see Fixed pitch propeller 

FR see Frame relay 

Frame relay (FR).5 

FRC see Factory release cirtificate 
Frequency 

— divider.232 

— modulation (FM).57, 177 

— shift keying (FSK).159 

Fresnel reflection.160 

FSK see Frequency shift keying 

Fu Lai.389 

FWM see Four-wave-mixing 


G-P-T.346 

Gain 

— compression.44, 120 

— equalization 

.33, 80, 101, 120, 212, 217, 249 

— equalizer (GEQ).36, 118, 225, 249, 308 


— break fault 
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— modulation.116 

—shifted EDFA (GS-EDFA).240 

Galvanized steel wire.106 

Gateway.347 

GEQ see Gain equalizer 

Gifford Grapnel .321 

Gimbal.125 

Global Positioning System (GPS).260 

D— (Differential-GPS) .272, 299, 375 

GPS see Global Positioning System 
Grapnel 

Cable -.319, 336 

Gifford -.321 

Original —.321 

Rock -.321 

Group 

Project coordination — (PCG).352 

Procurement — (PG).352 

Project management — (PMG).352 

— velocity dispersion (GVD).96 

Interim procurement — (IPG).351 

GS-EDFA see Gain-shifted EDFA 
GVD see Group velocity dispersion 


H 


H-J-K.346 

Hawaii Zone.389 

HDD see Horizontal Directional Drilling 

Head-end.64 

HEMT.231 

Heterodyne detection.159 

HF cable.182 

High 

— loss loop back (HLLB).310 

—count-fiber cable.169 

Higher 

—order dispersion.96, 217 


—order fiber dispersion management 217 


HLLB see High loss loop back 

Hoe-type burial machine .374 

Horizontal Directional Drilling (HDD) .362 

Hull.258, 261, 298 

Hydrodynamic Constant.263, 264 

Hydrojet Injector.289 

I 

ICMS 

see Integrated Cable Management System 


ICPC.388 

Impairment studies.79 


IMC see Interim Management Committee 
IM-DD 

see Intensity Modulation Direct-Direction 


In- 

— service.68, 132, 

— service measurement.161 

— station testing.361, 378, 379, 382 

Indefeasible Right of Use (IRU).343 

Injector.283, 289, 318 

Hydrojet —.289 

Inner unit.123 

Installation 

— resistance.107 

— Resistance Test.308 

Integrated Cable Management System (ICMS) 

.272, 273 

Integration Testing.382 


Intensity Modulation Direct-Direction (IM-DD) 

.88 

Interim 

— Management Committee (IMC) ....339, 352 


— Procurement Group (IPG).351 

Internet protocol (IP).3, 12 

Internet service provider (ISP).5, 12 

IP see Internet protocol 


IPG see Interim Procurement Group 
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IRU see Indefeasible Right of Use 
ISP see Internet service provider 
ITU 

— Recommendation G.841.194 

—T.10, 71, 76, 90, 131, 187, 192, 201 

—T Grid.71,93 

J 

Japan Information Highway (JIH).346 

Japan-US.103, 210 

— Cable Network.342, 346 

JB see Joint box 

JIH see Japan Information Highway 
Joint 

- box (JB).108, 163, 179 

— ring.123 

Universal — ing (UJ).319, 330, 336 

K 

KDD OCEAN LINK.389 


— format.81 

— monitoring equipment (LME) 
.75, 149, 202 

— monitoring system (LMS).75, 118, 148 

— signal canceller.153 

— terminating equipment (LTE).83 

— terminating unit.74, 134, 137, 202 

Linear Cable Engine (LCE).277, 299, 300 

Link system.68 

LJB see Land Joint Box 

LME see Line monitoring equipment 


LMS see Line monitoring system 

Local oscillator light.159 

Loopback.73,149 

Low-pass filter (LPF).39, 153 

LPF see Low-pass filter 

LTE see Line terminating equipment 

LTU see Line terminating unit 

LW.263, 329 

— cable.104 

LWS.329 


M 


L 

L + -band.239 

L-band.34, 159, 224, 237 

Land 

— Joint Box (LJB).163 

— mark.361 

Landing 

— station.340, 342, 344, 347, 350, 354, 

357, 361, 369, 377, 381, 386 


— work.358, 369 

Large core fiber (LCF).82, 215 

Laying simulation.273 


LCE see Linear Cable engine 
LCF see Large core fiber 
Line 


MA see Maintenance Authority 

Mach-Zehnder filter.227 

Main cable.357, 363, 371 

Maintenance 

Construction and — Agreement (C&MA) 

.339, 352 

— Authority (MA).386 

-Controller (MC).307, 380 

— Document (MD).386 

— Liaison Officer (MLO).386 

— ship.388 

— Working Group (MWG).386 

— zone.387, 388 

Operation and — subcommittee.386 

Management Committee (MC).339, 352, 387 
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Marine 

— Activities Working Group (MAWG) ....352 

- survey.253, 257, 261, 271 

MAWG see Marine Activities Working Group 
MC see Maintenance Controller 
MC see Management Committee 
MD see Maintenance Document 

MD3.283 

MECMA.390 

Memorandum Of Understanding (MOU).339 

Mesh Network.14, 67 

Minimum Investment Unit (MIU).342 

MIU see Minimum Investment Unit 
MLO see Maintenance Liaison officer 

Molding.308, 320, 330 

Moore's law.340 

MOU see Memorandum Of Understanding 
MPLS see Multiprotocol label switching 

Multi-cable landing.277 

Multiplexing 

Dense Wavelength-Division — (DWDM) 

.342 

Multiplexer 

.30, 33, 61, 71, 88, 132, 199, 202, 211, 230 


Add-Drop - (ADM).378 

Multiprotocol label switching (MPLS).14 


MWG see Maintenance Working Group 
N 

NDF see Negative dispersion fiber 
NE see Network element 
NE-OpS 

see Network element operation system 
NEOS 

see Network element operations system 
Negative dispersion fiber (NDF) ....218, 221, 237 
Network 

— architecture.10, 63 


— availability.67 

- element (NE).135, 205 


— element operation system (NE-OpS) ....141 

— element operations system (NEOS) 
.202, 205 

— Management Operations System (NWOS) 
.202 

— management system.14, 76, 201, 203 

— protection equipment (NPE) 
.10,65, 199, 202, 312, 346 

— survivability.66 

China-US Cable -.346 

Japan-US Cable -.342, 346 

TPC-5 Cable -.346 


NF see Noise figure 
Noise 


— figure (NF) 

.23, 34, 79, 89, 112,118, 170, 212 


— limit.16, 54 

Non-compliance.351 

Non-regenerative repeater.28 

Non-return-to-zero (NRZ).81, 213, 245 


Non-zero dispersion-shifted fiber (NZ-DSF) 


.215 

North America Zone.389 

North Sea Zone.390 

NPC.391 


NPE see Network protection equipment 
NRZ see Non-return-to-zero 


NWOS 

see Network Management Operations System 
NZ-DSF see Non-zero dispersion-shifted fiber 


O 


OAMP see Optical amplifier 
OAM&P 

see Operations, Administration, Maintenance 
and Provisioning 
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O&MSC 

see Operation and Maintenance Subcommittee 
OBC see Optical branching combiner 


OFS cable.103, 181 

Open fault.311, 317 

Operation 

— and Maintenance Subcommittee 

(O&MSC).386 

— s. Administration, Maintenance and 

Provisioning (OAM&P).13, 199 

Optical 

— add/drop.130 

— amplifier (OAMP) 


.8, 16, 17, 60, 214, 225, 248 

— amplifier repeater 

.42, 63, 76, 87, 110, 138, 188 

— branching combiner (OBC).130 

— cross-connect (OXC).14 

— filter.19, 33, 69, 79, 93, 111, 159, 

172, 222, 234, 309 

— gain.60, 79, 120, 217 

— isolator.19, 33, 111, 158,169 

— network node.14 

— NPE.10, 205 

— output power.308 

— pumping.60, 118 

— signal-to-noise ratio/SNR (OSNR) 
.35, 59, 71, 78, 89,169, 212, 229, 242 

— submarine branching unit.126 

— switching circuit.131 

— time-division multiplexing (OTDM) ....230 

— time-domain reflectometry (OTDR) 


.112, 158 

Orderwire (O/W).381, 382 

Original Grapnel.321 

OS cable.103, 185 


OSNR see Optical signal-to-noise ratio 
OTDM see Optical time-division multiplexing 
OTDR see Optical time-domain reflectometry 


OTDR path.80, 122, 150 

Out-of-service.75, 80, 147 

O/W see Orderwire 

OXC see Optical cross-connect 

P 

PAC see Provisional Acceptance Certificate 


Partial return-to-zero (PRZ).96 

Passive supervisory circuit.118 

Path switching.65, 127 

PC see Project Change 

PCG see Project Coordination Group 

PC-1.210, 391 

PDF see Positive dispersion fiber 


PDG see Polarization dependent gain 


PDL see Polarization dependent loss 

Performance budget.77, 98 

PG see Procurement Group 

PIM see Potential Investor's Meeting 

PIOCMA.390 

Pipe 

— Landing Method.277, 291 

protection — .365 

— line .358, 367 

Plan of Work (POW).355 

Planar lightwave circuits (PLC).32 

PLC see Planar lightwave circuits 
PLGR see Pre-Laying Grapnel Run 


PLIB see Post-laying inspection and burial 


Plough 

—type burial machine .374 

Cable - .283 

PMD see Polarization mode dispersion 
PMG see Project Management Group 

Point-to-point.9, 63 

Polarization 

— dependent gain (PDG).79 

— dependent loss (PDL).79 
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— fading.212 

— mode dispersion (PMD).34, 79, 112, 212 

— scrambling.50, 84, 133 

Population inversion.18 

Positive dispersion fiber (PDF).221, 237 

Post-laying 

— burial .371 

— inspection and burial (PLIB) .376 

Potential Investor's Meeting (PIM).341 

POW see Plan of Work 

Power 

— budget.42, 77 

— consumption.31, 34, 117, 212 

— control officer.333 

— feed earth.164 

— feeding.16, 51, 67, 103, 162, 202 

— feeding equipment (PFE) 
.75, 162, 202, 307, 377 

— feeding officer.386 

— safety message (PSM).333 

— safety officer (PSO).333 

Pre- 

— chirping.213 

-emphasis.72, 80, 93,132, 212, 227 

— laying grapnel run (PLGR).358,374 

Pressure 

— housing.109, 188 

— resistance.107,186 

— resistant pipe.182 

— resistant steel pipe.104 

—tight cylinder.123 

Private cable.6 

Procurement Group (PG).352 

Project 

— change (PC).353 

— coordination group (PCG).352 

— management group (PMG).352 

Propulsion system.297, 299, 305 

Protection 


— pipe.365 

— switch test.312 

Network — Equipment (NPE).312, 346 

Protocol.3, 10, 64,139, 200 

Provisional Acceptance Certificate (PAC).383 

PRZ see Partial return-to-zero 

PSCF see Pure silica core fiber 

PSM see Power safety message 

PSO see Power safety officer 

PSTN see Public switched telephone network 

Public switched telephone network (PSTN) 


.141 

Pump 

— controller circui.121 

— depletion.170 

— redundancy.33, 121 

Pure silica core fiber (PSCF).169 

Q 

Q-factor.47, 69, 77, 98,131, 224, 235 

Q3 interface.76, 203 

QAR see Quality Assurance Representative 

Quality Assurance Representative (QAR).354 

Quantum limit.23, 52 

R 

R-J-K.346 

Raman 

— amplification.53, 132, 147, 169, 170, 237 

— amplifier.17, 189 

— gain.18, 53, 170, 243 

— noise.172 

Ratio 

Background Block Error — (BBER).382 

Severely Errored Second — (SESR).382 

Rayleigh backscatter.159, 172 

RDF see Reverse dispersion fiber 
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Ready For Service (RFS).340 

Redundant arrangement.75, 86, 137 

Reed-Solomon code.134 


Regenerative repeater.28, 41, 87, 110, 148, 209 

Remote 


— pumping.169 

— supervisory.70, 132, 187 

— supervisory system.132, 187 

—pre EDF.181 


— ly operated vehicle (ROV) 


.273, 283, 293, 319, 374, 390 

— ly pumped.52, 169 

— ly pumped EDFA.54 

—ly pumped optical pre-amplifier.52 

Repeater 

— supervision Function.309 

—less transmission.16, 51, 169 

Request For Proposal (RFP).341 

Return-to-zero (RZ).71, 81, 96, 213 

Reverse dispersion fiber (RDF).223 

RFP see Request For Proposal 
RFS see Ready For Service 

Ring network.10, 64, 191,194, 200 

RPL see Route Position List 

Rock grapnel.321 

Route 


— chart.257 

— plan.253 

— position list (RPL).257, 261 

Cable -.253, 257, 261, 272, 277, 

281, 291, 315, 318, 326 
ROV see Remotely Operated Vehicle 
RZ see Return-to-zero 


S 


S + -band 
S-band.. 
SAL. 


.239 

.239 

321, 329 


SAM.329 

Saturated Raman gain.173 


SBS see Stimulated Brillouin scattering 
SDH see Synchronous Digital Hierarchy 
SD-WDM see Super dense WDM 


Sea earth.128, 164, 363 

Sea spread.391 

SEA-ME-WE3.103, 205, 346 

Second-order dispersion.218 

Section Over Head (SOH).200 

Self 


— phase modulation (SPM).209 

—filtering.46 

—healing ring network.64 

—regulation.45, 118 

Service layer.8 

SESR see Severely Errored Second Ratio 

Severely Errored Second Ratio (SESR).382 

Shallow water cable trencher (SWCT).290 

Ship 

Cable — operator.388 

Maintenance —.388 

Shore earth .364 

Short fault.317 

Shunt fault.316, 319 

Signal 

— level diagram.28, 33, 44, 53 

—to-noise ratio (SNR).222, 308, 309, 310 

Simultaneous burial .371 


SLD see Straight Line Diagram 

Slotted rod.183 


SLTE 

see Submarine Line Terminating Equipment 
SNR see Signal-to-noise ratio 
SNR 

— budget.42 

— design.89, 178 

SOH see Section Over Head 

Soliton.88, 180, 222, 234 
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SPC see Special Purpose Company 


Special purpose 

— company (SPC).339 

— vehicles (SPVs).6 

Spectral efficiency.211 

SPM see Self phase modulation 

SPM-GVD effect.177, 213 

Spontaneous emission.18, 147 


SPVs see Special Purpose vehicles 
SRS see Stimulated Raman scattering 
SSE see Station Surveillance Equipment 


Standard single-mode fiber.54 

Station 

— Surveillance Equipment (SSE).75 


Landing -.340, 342, 346, 347, 350, 354, 

357, 361, 369, 377, 381, 386 


Stimulated 

— Brillouin scattering (SBS).44 

— Raman scattering (SRS).79, 239 

Straight Line Diagram (SLD).354, 387 

Subaru.391 

Subcarrier.114, 144, 187 

— frequency.116 

— modulation.114 

— modulation index.115 


Submarine Line Terminating Equipment (SLTE) 

.342 

Super dense WDM (SD-WDM).247 

Supervisory 

- (SV) system.70, 110, 132,187 

- (SV) signal.Ill, 140 

- circuit.118 

Supply contract.343, 377, 378, 379, 381, 382 

Surge protection.126 

SV see Supervisory 

SWCT see Shallow water cable trencher 
Synchronous Digital Hierarchy (SDH)...199, 312 
System redundant.167 


T 


TAT see Trans-Atlantic Cable 

TDFA see Thulium-doped fiber amplifier 

Technical and Operational Working Group 


(TOWG).351 

Technical specification .368 

Tensile strength.107 

Tension 

— member.105, 182 

— termination.109 


Test 

Commissioning and Acceptance —.352 

Protection switch —.312 

In-Station — ing.361, 378, 379, 382 

Integration —ing.382 

Third-order dispersion.217 

Three-divided steel pipe.104 

Three-level laser system.20 

Thulium-doped fiber amplifier (TDFA).240 

TMN interface.135 

Topographic map.253 

TOWG 

see Technical and Operational Working Group 

Tow type burial .375 

Towing 

—at-shore method .370 

cable — method .370 


TP see Transition Point 
TPC see Trans-Pacific Cable 

Tractor.283 

Trailed electroding.168 

Trans-Atlantic Cable (TAT) 

.9, 65, 194, 207, 209, 339 

—12.10, 65,194, 207 

Trans-Pacific Cable (TPC) 

.9, 65, 103, 194, 198, 203, 212 

—3.346 

—4.346 
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—5 .10, 65, 103, 198, 203, 212, 346 


Transit.347 

Transition Point (TP).261 

Transoceanic protocol.10 

Transponder.14 

Trunk 

- cable.126, 191 

—and-branch network.65, 191 

—and-branch topology.66 

Turn key.349 


Wavelength 

— add/drop.8, 127 

— add/drop BU.127 

— add/drop circuit.127 

— division multiplexing (WDM) 
.133, 202, 209 

— ID.142 

— network layer.8 

WDM see Wavelength-division multiplexing 
WDM 


U 

UC see Universal Coupling 
UJ see Universal Jointing 


Unidirectional ring.192 

Universal 

- Coupling (UC).320 

- Jointing (UJ).319, 330, 336 

Unsaturated gain.25 

Upgradability.70 


V 


Vacuum relay.127 

Variable optical attenuator (VAT).132 

VAT see Variable optical attenuator 

Voice service.3 


— coupler.34, 111, 245 

— upgrade.70 

Wholesaler.5 

Working Group 

Commercial - (CWG).352 

Financial and Contractual — (FCWG).351 

Marine Activities — (MAWG).352 

Maintenance — (MWG).386 

Technical and Operational — (TOWG).351 

Wrapping.330 

X 

X-ray examination.330 

Y 

Yokohama Zone.388 


W 


Z 


Water 

— absorbent tape.182 

— ingress.104 

— pressure resistance.107, 186 

Wave 

— Mercury.391 

— band.8 


— form distortion ....28, 90, 169, 212, 217, 234 


ZDW see Zero dispersion wavelength 

Zener diode.129 

Zero dispersion wavelength (ZDW) 

.82, 97, 179, 216, 217, 221 

Zone 

Fiji-.389 

Hawaii —.389 

Maintenance —.387, 388 
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North America —.389 

North Sea —.390 

Yokohama —.388 
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